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Abstract 
Diatoms are an outstanding group of unicellular microalgae that can be found in almost all aquatic 
ecosystems, playing critical roles in the global carbon fixation and oxygen cycle. The cell wall 
surrounding diatom living cells, named frustule, is synthesized from amorphous hydrated silica with 
outstanding properties and plenty of geometries and ultrastructures varying between different 
species. The frustule consists of subcomponents; valves and girdle bands, held together in the living 
state but can be extracted and retrieved after death. The retrieved valves/girdle bands exhibit an 
outstanding ultrastructure, including the presence of nano-/micro-pores arrays resembling the 
artificial photonic crystal slabs and diffraction gratings. That is why the optical properties and light 
modulation capabilities of these siliceous parts have recently captured a wide interest and have been 
suggested for several optical applications as an eco-friendly and cost-effective alternative to artificial 
structures. Despite the previous efforts to understand the light modulation capabilities of these 
frustules and their subcomponents, more efforts are still required, and many missing gaps need to be 
filled. Therefore, this thesis aims to deepen the understanding of their light modulation capabilities, 
while focusing on their optical near field and Fresnel regime. That could help increase the applicability 
of their valves in optical applications and understanding the possible photobiological roles of their 
frustules. Additionally, the thesis also aims to investigate implementing the extracted clean valves as 
optical building blocks in photonic and optoelectronic applications, which adds to the previous efforts 
in the literature. 

First, a novel analytical approach has been employed to numerically analysis the light 
modulation capabilities of the valve/frustule of small-size pennate diatom Gomphonema parvulum. 
The simulations were based on the 2D finite element frequency domain (FEFD) method. This 
approach enabled revealing the correlation of distinct optical phenomena; including thin-film 
interference, waveguiding, diffraction-driven focusing, photonic jet generation, Talbot effect, and 
guided-mode resonance, to the distinct optical elements comprising the valve/frustule. Such 
phenomena influence the valves’/frustules’ optical near-field and Fresnel regime and overlap in a 
wavelength-dependent manner to yield a complex interference pattern. Moreover, in order to 
broaden the understanding of the diffraction-driven focusing by diatom valves, the far-field optical 
microscopy techniques have been employed to study this behavior mainly in the Fresnel regime of 
structurally distinct valves covering a wide range of geometries, ultrastructure, and sizes, showing 
that this phenomenon could be more widespread among diatoms. The latter study showed, for the 
first time, that the diatom valves could also focus the light when being illuminated from the side. The 
2D FEFD numerical analysis showed an ability to predict and analytically explain such behavior. 
Furthermore, the optical near-field of the valves of pennate diatom Gomphonema parvulum and 
centric diatom Aulacosira sp. have been studied utilizing an aperture-type scanning optical near-field 
microscopy (a-SNOM), operated in illumination and collection mode. The latter being used for the 
first time to study the optical near-field of diatom valves. The SNOM results, which provided new 
insights especially that of collection mode, have also been compared to the 2D FEFD numerical 
analysis results. Additionally, a novel methodology has been developed to study the 2D periodicities 
and symmetries of diatoms’ pore arrays based on image processing and analysis techniques, 
especially the 2D autocorrelation function analysis, offering an accurate and reproducible 
methodology that could help assess these pore arrays for relevant applications.   

Toward applications, a novel method for fabricating diatom-based SERS hybrid substrates 
was employed by obtaining a smooth ultrathin gold film over diatom valves. This method allowed 
comparing the ability of structurally distinct valves in enhancing SERS signal, where the magnitude of 
the enhancement likely depended on the valve ultrastructure. Additionally, a preliminary study on 
incorporating diatom valves into organic MISM photodetectors was also carried out.  

In conclusion, I believe that this thesis offers new insights and deeper analytical 
understanding of the abilities of diatom valves/frustules to modulate light. On the one hand, this 
answers some questions while opening up many new.  
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Abstrakt 
Kieselalgen sind eine herausragende Gruppe einzelliger Mikroalgen, die in fast allen aquatischen 
Ökosystemen zu finden sind und eine entscheidende Rolle bei der globalen Kohlenstofffixierung und dem 
Sauerstoffkreislauf spielen. Die Zellwand, genannt Frustel, die die lebenden Zellen der Kieselalgen umgibt, 
wird aus amorphem hydratisiertem Siliziumdioxid mit herausragenden Eigenschaften in zahlreichen 
Geometrien und Ultrastrukturen synthetisiert, die sich zwischen den verschiedenen Arten unterscheiden. 
Die Frustel besteht aus Unterkomponenten, den Klappen und Gürtelbändern, die im lebenden Zustand 
zusammengehalten werden, aber nach dem Tod extrahiert und getrennt werden können. Die separierten 
Klappen/Gürtelbänder weisen eine herausragende Ultrastruktur auf, einschließlich der Anwesenheit von 
Nano-/Mikroporenanordnungen, die künstlichen photonischen Kristallen und Beugungsgittern ähneln. Aus 
diesem Grund haben die optischen Eigenschaften und Lichtmodulationsfähigkeiten dieser siliziumhaltigen 
Systeme in letzter Zeit großes Interesse geweckt und wurden für mehrere optische Anwendungen als 
umweltfreundliche und kostengünstige Alternative zu künstlichen Strukturen vorgeschlagen. Trotz der 
bisherigen Bemühungen, die Lichtmodulationsfähigkeiten dieser Schalen und ihrer Unterkomponenten zu 
verstehen, sind noch weitere Anstrengungen erforderlich, um die vielen offenen Fragen zu klären. Daher 
zielt diese Arbeit darauf ab, das Verständnis ihrer Lichtmodulationsfähigkeiten zu vertiefen und sich dabei 
auf das optisches Nahfeld und das Fresnel-Regime zu konzentrieren. Dies könnte dazu beitragen, die 
Anwendbarkeit der Klappen in optischen Anwendungen zu erhöhen und die mögliche photobiologische 
Rolle der Schalen zu verstehen. Darüber hinaus zielt die Arbeit auch darauf ab, die Implementierung der 
extrahierten, sauberen Klappen als optische Bausteine in photonischen und optoelektronischen 
Anwendungen zu untersuchen, was die bisherigen Bemühungen in der Literatur ergänzt. 

Zunächst wurde ein neuartiger analytischer Ansatz verwendet, um die 
Lichtmodulationsfähigkeiten der Klappen/der Frusteln der kleinen pennaten Kieselalge Gomphonema 
parvulum numerisch zu analysieren. Die Simulationen basieren auf der 2D-Methode der finiten Elemente 
im Frequenzraum (FEFD). Dieser Ansatz ermöglicht es, die Korrelation verschiedener optischer Phänomene 
– darunter Dünnschichtinterferenz, Wellenleitung, beugungsbedingte Fokussierung, Erzeugung 
photonischer Jets, Talbot-Effekt und Resonanz im geführten Modus – mit den verschiedenen optischen 
Elementen aufzudecken, aus denen die Klappe/der Schalenkörper besteht. Solche Phänomene beeinflussen 
das optische Nahfeld und den Fresnel-Bereich der Klappen/der Frusteln und überlappen sich 
wellenlängenabhängig, wodurch ein komplexes Interferenzmuster entsteht. Um das Verständnis der 
beugungsbedingten Fokussierung durch Kieselalgenklappen zu erweitern, wurden außerdem 
Lichtmikroskopietechniken im Fernfeld verwendet, um dieses Verhalten hauptsächlich im Fresnel-Bereich 
strukturell unterschiedlicher Klappen zu untersuchen, die ein breites Spektrum an Geometrien, 
Ultrastrukturen und Größen abdecken, was zeigt, dass dieses Phänomen bei Kieselalgen weit verbreitet 
sein könnte. Die letztgenannte Studie zeigte zum ersten Mal, dass die Kieselalgenklappen das Licht auch 
fokussieren können, wenn sie von der Seite beleuchtet werden. Die numerische 2D-FEFD-Analyse ergab, 
dass ein solches Verhalten vorhergesagt und analytisch erklärt werden kann. Darüber hinaus wurde das 
optische Nahfeld der Klappen der pennaten Kieselalge Gomphonema parvulum und der zentrischen 
Kieselalge Aulacosira sp. mithilfe der optischen Nahfeldmikroskopie mit Apertur (a-SNOM) untersucht, die 
im Beleuchtungs- und Sammelmodus betrieben wurde. Letzterer wurde zum ersten Mal verwendet, um das 
optische Nahfeld von Kieselalgenklappen zu untersuchen. Die SNOM-Ergebnisse, die neue Erkenntnisse 
lieferten, insbesondere im Hinblick auf den Sammelmodus, wurden auch mit Ergebnissen der numerischen 
2D-FEFD-Analyse verglichen. Darüber hinaus wurde eine neuartige Methodik entwickelt, um die 2D-
Periodizitäten und Symmetrien der Porenanordnungen von Kieselalgen zu untersuchen, die auf 
Bildverarbeitungs- und Analysetechniken, insbesondere der 2D-Autokorrelationsfunktionsanalyse, basiert 
und eine genaue und reproduzierbare Methodik bietet, die bei der Bewertung dieser Porenanordnungen 
für relevante Anwendungen helfen könnte. 

In Bezug auf Anwendungen wurde ein neuartiges Verfahren zur Herstellung von Kieselalgen-
basierten SERS-Hybridsubstraten eingesetzt, indem ein glatter ultradünner Goldfilm über den 
Kieselalgenklappen aufgebracht wurde. Dieses Verfahren ermöglichte den Vergleich strukturell 
unterschiedlicher Klappen bezüglich der Fähigkeit zur Verstärkung des SERS-Signals, wobei das Ausmaß der 
Verstärkung wahrscheinlich von der Ultrastruktur des Klappen abhängt. Darüber hinaus wurde auch eine 
vorläufige Studie zur Einbindung von Kieselalgenklappen in organische MISM-Fotodetektoren durchgeführt. 

Ich bin der Meinung, dass diese Arbeit neue Erkenntnisse liefert und zu einem tieferes 
analytisches Verständnis der Fähigkeiten von Kieselalgenklappen/-frusteln zur Modulation von Licht 
beitragen kann. Einerseits konnten dadurch einige Fragen beantwortet werden, andererseits wurden 
jedoch viele neue aufgeworfen, die weiter untersucht werden müssen. 
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Throughout the last few centuries, our ability to modulate light has been developed 

alongside the growing understanding of its nature and its interaction with matter. 

Employing this knowledge led to a technological uprising with countless examples of 

innovative optical elements, materials, techniques, and instruments, starting with 

the conventional optical components operating based on the principles of 

geometrical optics such as lenses and mirrors—which helped develop numerous 

devices, including optical microscopes and telescopes—and ending with plenty of 

tiny optical elements (of sizes and/or ultrastructure in the μm to nm range) that 

could modulate light based on wave and quantum optics principles [1,2]. Such tiny 

optical elements enable reducing the size of photonic and optoelectronic devices 

while increasing their performance, a step towards the development of advanced 

optical communications, highly efficient sensors, and quantum computers.  

The fabrication of micro-/nano-structured optical elements, such as 

diffraction gratings, photonic crystals [3], and metasurfaces [4], is often 

sophisticated, involving toxic chemicals and cleanroom techniques (such as 

lithography) that demand a complex infrastructure, requiring high energy and 

expensive operating and materials costs [5,6]. The drawbacks of current fabrication 

techniques, if added to the efforts to lower our ecological footprint and suppress 

anthropogenic climate change, will lead to the conclusion that we need alternative 

eco-friendly and cost-effective fabrication techniques.   

Looking to nature—with an evolutionary history of more than 3 billion years 

[7]—living organisms have developed their own way to modulate light for survival. 

Today, nature is full of inspiring living organisms that can effectively modulate light 

based on their μm to nm structural features [8–10] and offer exceptional solutions to 

complex optical problems. Autotrophic organisms (i.e., plants and algae) use light 

modulation and management to increase their photosynthetic efficiency [11] and to 

get natural colors for various purposes [12]. Other organisms also need light 

modulation, e.g., for their vision systems and camouflage [13]. Such biological 

systems have offered inspiration for many years in various fields through the 

biomimicry approach [14–16]. Interestingly, the micro-/nano-structured biomaterials 

produced by these living organisms can be utilized as eco-friendly alternatives in 

applications if their materials are suitable and can be extracted.    
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Among the autotrophic organisms, Bacillariophyceae (diatoms) is considered 

an outstanding class of microalgae that is present in almost all aquatic ecosystems 

[17], including those of extreme conditions (see, for example, [18–21]). They can also 

be cultivated in the lab, industrial photobioreactors, or even on a larger scale for 

research and commercial purposes [22–25]. Diatoms build a remarkably well-

designed micro-/nano-structured micro-shell (called frustule) made of amorphous 

hydrated silica and surrounding their living cells [17]. The size of most frustules is in 

the μm range, with a diameter/length varying from several μm to a few hundred μm 

depending on the species and environmental circumstances [17,26]; however, it can 

reach extreme values down to ≈ 2 μm [27] or up to a few mm [28,29]. The frustule is, 

in general, porous and has a petri-dish-like structure, consisting of two overlapping 

valves and surrounded by girdle bands (Fig. 1.1). According to the valve symmetry, 

diatoms can be generally divided into centric and pennates (see examples illustrated 

in Fig. 1.1). Recent studies suggested that some diatom frustules are built for a 

purpose, e.g., to attain enhanced mechanical strength against predators [30–33], 

possess micro-/nano-fluidic properties [34,35], and exhibit potential photobiological 

roles [36,37]. That could partially explain the outstanding ecological success and the 

significant diversification of diatoms around the globe [17,38,39]. 

 

 

 

 

 

 

 

 

 

 
Fig. 1.1. SEMs showing intact diatom frustules of the centric Stephanodiscus sp. (a) and the 
pennate Cosmioneis sp. (b). The SEMs are adapted from Mann et al. [40].  
 

Interestingly, it has been observed that the structure of diatom valves/girdle 

bands is often similar to fabricated 2D photonic crystals and diffraction gratings due 

to the periodicities and symmetries of their micro/nanopores, which may enable us 

to utilize them in applications as an eco-friendly alternative, by producing 

comparably complex structures simply through cultivation at ambient conditions 

[41–43]. These ideas motivated the study of the light modulation capabilities of 

diatom valves/girdle bands of a few species and have led to the successful 

implementation of diatom valves in a number of photonic and optoelectronic 
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applications on the lab scale [36,44–46], with an increasing publication record over 

time. 

This thesis focuses on studying the light modulation capabilities of 

ornamented siliceous valves that could be beneficial for optical applications, but 

moreover, it also raises questions regarding possible photobiological roles when 

considering intact frustules immersed underwater. In the following sections, I will 

briefly introduce diatoms, followed by a summary of the state-of-the-art in the field 

of diatom frustule optics and photonics, while at the end of this chapter, I will 

illustrate the objectives and outline of the thesis.  

 

1.1. Diatoms  

Bacillariophyceae (Diatoms) is a class of eukaryotic, autotrophic, unicellular 

microalgae belonging to Kingdom Chromista [47]. Diatoms are an exceptionally 

ecologically successful group with huge diversity that covers almost all aquatic 

habitats (i.e., marine, fresh, brackish, etc.) and even extend to humid terrestrial 

places [17], enabling maintaining their considerable contribution to the carbon and 

oxygen cycle on a global scale [48,49]. Depending on the species, diatom living cells 

could occur either separated or in colonies and can exist as planktonic (i.e., floating 

within the photic zone), benthic/periphytic (i.e., living near the floor), epiphytic (i.e., 

adhered to submerged plants), epizoic (i.e., adhered to marine animal bodies), or 

epilithic (i.e., adhered to the submerged rocks) [17,40]. Fig. 1.2 shows examples of 

diatom living cells, as appearing under light microscope (LM). During their diplontic 

life cycle, diatoms mainly reproduce via asexual reproduction by mitosis [17], while 

at certain stages and/or under certain environmental circumstances, they could 

initiate sexual reproduction, leading to auxospores formation [50,51].  

 

 

 

 

 

 

 

Fig. 1.2. LM micrographs showing living diatom cells of the centric Coscinodiscus sp. 
Containing many small chloroplasts (a) and the pennate Lyrella sp. Containing a large lobed 
chloroplast (b). Scale bars are 10 μm. These figures are merged from Mann et al. [40]. 
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Diatoms are a very diverse group with a vast number of species, potentially 

up to 105 or even more [52,53], with a wide range of morphologies and 

ultrastructures (e.g., Fig 1.3). Such diversity evolved relatively quickly if compared to 

the photosynthetic evolutionary history extending over 3.4 billion years [54], given 

that the first diatom observed in fossil records returns to the early Jurassic period 

(since about 200 Mya) [55] and that a higher diversification was correlated to the 

Cenozoic era (especially in the range 66–16 Mya) [56].  

 

 

 

 

 

 

 

 

 

 
Fig. 1.3. An optical micrograph showing arranged clean valves of different diatom species on 
a microscope slide under bright-field (at left) and dark-field (at right) optical microscope, 
reflecting the diversity of diatom shapes. The different optical appearance of the valves 
indicates their different light modulation capabilities, which depend on their ultrastructure 
as well as illumination direction. This arrangement was prepared and imaged by Mr. 
Emiliano Bellotti (Italy, 2023), and is used here after his kind permission. 
 

The frustule (i.e., the siliceous cell wall of diatoms) is considered one of the 

most outstanding features of diatoms, which shows remarkable evolutionary 

progress for silica biomineralization. In the following subsections, I will briefly explain 

the geometry and ultrastructure of diatom frustules (Subsection 1.1.1), their 

biogenesis and morphogenesis (Subsection 1.1.2), and the utilization of these 

frustules in various applications (Subsection 1.1.3). 

 

1.2.1. Frustule geometry and ultrastructure 

As mentioned, the geometry and ultrastructure of diatom frustule and its parts have 

a huge variety (e.g., Fig. 1.3) and can be considered a species-specific feature, which 

enabled early diatomists to classify diatoms into species (i.e., a taxonomic level that 

contains all living organisms having common unique features) and genera (i.e., a 

taxonomic level that includes all species having similar features) [17]. Despite this 

diversity, the frustules generally have a petri-dish-like configuration (see Fig. 1.1, 

which is further illustrated in Fig. 1.4). In this configuration, the epivalve is slightly 
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bigger than the hypovalve, and both are connected through a girdle (which consists 

of girdle bands). Each valve together with its adjacent girdle band(s) is known as a 

theca; therefore, in total, the whole frustule can be considered as a merge of two 

thecae (a hypotheca fitted into an epitheca) [17]. In living cells, different frustule 

parts are backed with organic matrices, holding them together [57]. 

 

 

 

 

 

 

 

 

 
Fig. 1.4. A schematic diagram illustrates the petri-dish like structure of a centric (a) and a 
raphid pennate (b) frustule. E stands for epitheca; H for hypotheca; C for girdle (consisting of 
girdle bands); L for tongue-like extension; and VC for valvocopula (i.e., girdle band adjacent 
to the valve). This figure is reproduced from Cox [58]. 
 

The progress in understanding the complex ultrastructure of diatom frustules 

was associated with the advancement of microscopy techniques. The major tools 

used to study the frustule morphology and ultrastructure are summarized in Table 

A.1 (Appendix A). During the last century, the frustules of many species and genera 

have been extensively studied using electron microscopy, which enables the 

revealing of their outstanding diverse micro- and nano-features (see, for example, 

Figs. 1.1 and 1.5, and see further Round et al. [17]). The frustules of most diatom 

species are porous with pore diameters mostly ranging from 3 nm to 2 μm and pore 

spacing ranging from a few tens or hundreds of nm to a few μm, depending on the 

species [17,26]. The valves of some diatom species exhibit a complex multilayer 

structure (e.g., Fig. 1.5b), where each layer has its distinct porosity scale and 

periodicity, while other species show simpler structures (e.g., Fig. 1.5a). The same 

also for the girdle, as some species have simple girdle bands, while other species 

show complex structures [17,59].  

The major perforation of the valves is called areolae (singular areola) and is 

often arranged in rows, the so-called striae (singular stria) [17]. There are different 

3D designs of areolae, including lineolate (having elongated pores, such as Navicula 

spp. [17]), punctate (having round or oval pores with a simple channel structure, e.g. 

Fig. 1.5a), and loculate (having complex pores with a chamber-like structure, e.g. Fig. 

1.5b) areolae [60]. In many species, the areolae are covered from the inner or outer 

face with a mesoporous thin layer of silica, the so-called pore occlusion [60], as can 
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be seen in Fig. 1.5. It should be noted that the multilayer nature of the valve can be 

linked to the presence of loculate areolae (see, for example, Figures 2 and 3 in [61]).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1.5. (a) SEMs showing the outer valve face of the pennate diatom Nitzschia palea, which 
have punctate areolae arranged in transverse striae. The inset in (a) is a TEM showing the 
hymenate pore occlusion covering the areolae entrance that cannot be revealed under SEM. 
(b) SEM of the outer valve face of the centric diatom Stephanopyxis turris with a cross 
section in a single valve showing their loculate areolae with outer foramen layer (consisting 
of large pores) and inner cribrium layer (consisting of mesopores). Fig. (b) is adapted from 
Jantschke et al. [62]. The whole figure is modified from Ghobara et al. [60]. 
 

According to the valve symmetry, diatoms are divided into two major classes: 

centrics and pennates of radial or bilateral symmetry, respectively (e.g. Fig. 1.1). 

While the pennates can be subdivided according to the presence or absence of a 

special structure called raphe (i.e., a fissure in the valve face, see for example Figs. 

1.1b and 1.4b) into three categories: araphid, monoraphid, biraphid. The raphid 

pennate diatom can be further divided according to the position of the raphe in the 

valve [17,40].   

Finally, it should be noted that there are many terms associated with the 

valve/frustule geometry and ultrastructure, as can be seen in [17,26,40], which are 

not all included in the thesis. Newly introduced terms will be explained throughout 

the thesis, where necessary. 

   

1.2.2. The frustule biogenesis and morphogenesis 

The intricate ultrastructure of diatom siliceous frustules leads to questions: how can 

living cells synthesize such structures naturally from silica? how is the 
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morphogenesis of this glassy structure (of nanoscale ultrastructural features) 

reproducible between individuals of the same species? and how have these 

microorganisms evolved? Although the complete understanding is not there yet, I 

will briefly illustrate the answers to some of these questions up to what has been 

understood so far. 

In a dividing diatom cell, after the completion of mitosis, cytokinesis, and the 

formation of the so-called silica deposition vesicle (SDV), the biogenesis and 

morphogenesis of new valves start inside the SDV [63], which appears at the equator 

(i.e., the middle) of the cell in the example illustrated in Fig. 1.6. Within the SDV, the 

valve formation often starts from a central nucleation site. During the progress of 

valve formation, the micro-/nano-pores and other 3D complex ultrastructural 

features are constructed (see, for example, Figures 10-15 in [63]). After the 

completion of this step, the new valves are exocytosis, and the new daughter cells 

are released, each with a parental epivalve and a new hypovalve (Fig. 1.6). 

Thereafter, a lateral SDV specific for the first girdle band is formed, helping the cell 

grow and increase its height. Additional girdle bands—if needed—are formed 

subsequently after the exocytosis of the formed band [63]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.6. A schematic diagram showing the valve/girdle band biogenesis. N stands for 
Nucleus and MC for microtubule center. The parental valves (epivalves) have a green color, 
while new valves (hypovalves) have a violet color. The figure is modified from Zurzolo et al. 
[64]. 
 

Despite the explained knowledge of different steps for valve/girdle band 

biogenesis, understanding the molecular mechanisms occurring inside the SDV to 

help shape their complex ultrastructure is still incomplete [65]. Generally, to have a 
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successful morphogenesis process on the molecular level, we need sufficient 

amounts of the precursor(s), an efficient transportation mechanism for the precursor 

from outside the cell to inside the SDV, establishing a nucleation site, precise 

morphogenesis mechanisms (somehow genetically encoded, as it is preserved over 

generations for each species), and appropriate physico-chemical factors contributing 

to morphogenesis [63,65].  

As the biogenesis and morphogenesis of diatom valves/girdle bands is a 

bottom-up building approach, thus the living cells need a flux of silica precursor 

inside SDVs to be condensed and form the frustule’s complex silica structures. 

Generally, silicic acid Si(OH)4—available in all aquatic habitats—is considered the 

essential precursor for silica biomineralization [66]. It is mainly present in its 

monomer form in aqueous solutions at concentrations below 2 mM (the saturation 

concentration at neutral pH) and can spontaneously condense at higher 

concentrations to yield oligomers, polymers, and even nanoparticles [67]. Diatoms 

uptake silicic acid from the surrounding environment by two modes: active or 

passive transport, depending on its concentration gradient [67]. This helps living cells 

accumulate it, even if it is present in low concentrations, by active transport utilizing 

silicic acid transport proteins (SITs) found on the cell membrane [67]. Surprisingly the 

uptaken silicic acid is present in a soluble state (not condensate) in the cytosol, even 

for concentrations exceeding the natural saturation limit. This is probably due to the 

formation of stable complexes with organic molecules that help inhibit the 

uncontrolled condensation inside diatoms [67]. The presence of special vehicles 

termed silicon transport vesicles (of nanometric sizes) has been hypothesized, 

helping transport the precursor to the SDV, where the controlled condensation 

occurs.  

Different models have been proposed to explain the molecular mechanisms 

of valve morphogenesis inside the SDV. Some of these models do not depend on the 

presence of organic molecules or pre-templates such as diffusion-limited 

aggregation [66], while other models suggest the presence of a pre-template and 

propose different roles of organic molecules in the morphogenesis process. The pre-

template models have been supported by revealing many organic molecules 

associated with the morphogenesis process, including silaffins, silacidins, cingulins, 

silicanins, and long-chain polyamines [68–70]. Interestingly, cytoskeleton elements; 

including microtubules and actin filaments, were also found to play crucial roles in 

morphogenesis [63,71–74]. Finally, despite all the models and debates, more efforts 

are still needed to unveil the actual morphogenesis mechanisms. 

 

1.2.3. Utilization of diatom frustules in applications 

For a long time, fossil diatom frustules have been utilized in various applications as a 

source of porous silica because of their unique physical and chemical properties, 
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including high porosity, relatively high surface area, biocompatibility, high 

absorptivity, and also being commercially available in considerable amounts and for 

competitive cheap prices (from a few tens to a few hundred dollars per metric ton 

depending on the grade and the industry involved) [75–78]. These fossil frustules are 

obtained from diatomite (also known as diatomaceous earth), which is a soft, 

lightweight sedimentary rock composed mainly of siliceous diatom remnants 

deposited and preserved since very long time ranging from thousands to millions of 

years [75,77,79]. The true nature of diatomite was discovered in the 19th century in 

the Lüneburg Heath, north Germany, and simultaneously in, North America near 

West Point, NY [80]. In the last century, diatomite commercial production has been 

started, producing various commercial grades that are widely used in filtration and 

purification, thermal insulation, agriculture (as soil amendments and mechanical 

insecticides for dry conditions), as a carrier (for instance, as a carrier for nitroglycerin 

in Alfred Nobel's dynamite), food additives, building materials, fillers, and abrasives 

[75–77,79,81]. The estimated amount of diatomite available in the known mines can 

cover the current market size for about 350 years; thus—despite being 

unsustainable—it can cover the needs for a relatively long time [81]. Fossil frustules 

have also been employed as a valuable tool in gas and oil exploration, in 

archaeology, and as ecological and paleoenvironment indicators [82].  

In recent years, the utilization of diatom siliceous parts (mainly valves) in 

many nanotechnological applications has been studied, including the fabrication of 

sensing platforms (relaying on different working mechanisms [83–88]), catalysis 

platforms [89–93], microfluidic systems [87,94,95], superhydrophobic surfaces [96], 

supercapacitors [97], batteries [98], and drug delivery systems [99,100], as well as 

photonic and optoelectronic applications [36,44] (see, further, reviews in 

[44,60,77,101,102]). Many nanotechnological applications require intact diatom 

valves with high homogeneity and purity, which diatomite usually cannot offer. That 

is why in many nanotechnological relevant studies the diatom valves were extracted 

from cultivated living cells, which is considered a sustainable approach. As the 

frustule in living diatom cells is associated with the protoplast as well as other 

organic components and matrices, including the diatotepum (i.e., a thin layer 

separates the protoplast and the frustule) and the envelope (i.e., an organic encasing 

surrounds the frustule) [57,103]. Therefore, sample processing (via oxidization and 

digestion, e.g., by employing acids or hydrogen peroxide) is required to eliminate 

such components and retrieve the siliceous parts of the frustule (valves and girdle 

bands) separated for further studies and applications [104]. Furthermore, in many 

cases, chemical (and/or physical) modifications are required to amend the physical 

and chemical properties of the valves to the desired nanotechnological application. 

Different modification approaches have been reviewed in [105–107].  
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1.2. Frustule optics and photonics (State-of-the-art) 

In recent decades, the optics and photonics of diatom frustules have received 

increasing attention. So far, the frustules (mainly valves) of only a few diatom species 

(representing fewer genera) have been studied. The conclusions from these studies 

do not lead to general assumptions for all diatom species and genera, and the huge 

ultrastructural diversity of diatom frustules drives the conclusion that many more 

features are still hidden and awaiting exploration. A comprehensive review of 

previous studies—before the thesis—has already been published in Ghobara et al. 

[44]. Here, I briefly summarize the major features reported in previous work, 

considering the recent advances in this field at the time of preparing the thesis.  

 

1.2.1. Photoluminescence 

Photoluminescence (PL) occurs when molecules/atoms absorb photons to be excited 

to a higher energy level, then re-emitting these photons and relax back to ground 

level. Clean diatom valves have been reported to exhibit PL when illuminated by 

shorter wavelengths (e.g., UV radiation, which leads to PL mainly in the blue spectral 

range) [108–111], similar to silica nanoparticles [112], mesoporous silica [113], and 

fused silica glass. This behavior is correlated to the excitations of the surface silanol 

groups (Si-OH) and surface defects (e.g., the non-bridged oxygen hole centers). 

Therefore, increasing the surface defects and silanol groups would increase the PL 

signal magnitude. Interestingly, the PL signal has been found to be dependent on the 

species, the frustule ultrastructure, the surrounding environment, the culture age, 

and the cleaning method [109,111]. Furthermore, the PL signal can be adjusted by 

modifying the chemical composition of the valves, e.g., by doping the silica with 

germanium oxide [114] or organic dyes [115], and it can also be quenched, e.g., by 

doping the silica with nickel [116].  

  

1.2.2. Photonic crystal features 

Photonic crystals (PCs) are structures having a periodic feature with a periodicity 

scale comparable to light wavelength λ, which could occur in one-, two-, or three-

dimensions. In the case of dielectric PCs, the electric permittivity (ε) periodically 

changes within the structure, which influences the light propagation inside it. That 

leads to PC characteristics, including the possible presence of photonic bandgap at 

which specific frequencies (f = c/λ, where c is the speed of light) cannot propagate 

within the periodic structure, analogous to the electronic bandgap in semiconductors 

[117,118]. The bandgap can be either complete (such as the example shown in Fig. 

1.7) or incomplete (where a range of frequencies is not propagated only at certain 

direction(s) in the lattice at a given light polarization) depending on the PC structural 

parameters and refractive index contrast within it. The PCs can control light 
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propagation through such photonic bandgaps (that can be tuned) or by introducing 

defects and cavities, which increase their applicability. In recent decades, PCs have 

been implemented in several applications, for example, optical communications and 

the fabrication of photonic integrated circuits, lasers, solar cells, imaging systems, 

and various sensors [119]. 

 

 

 

 

 

 

 

 

Fig. 1.7. (a) An example of a 2D PC consisting of pores (of a radius r and spacing a) drilled 
within a dielectric slab and filled with air. The pore array exhibits a hexagonal lattice 
structure. (b) The photonic band structure of the hexagonal lattice in (a), considering the 
material of the slab has high ε (= 13), which—together with lattice parameters—leads to a 
complete photonic band gap (the yellow-shaded area). The blue and red lines represent TE 
and TM bands, respectively. The inset in (b) shows the first Brillouin zone. This figure 
consists of merged figures obtained from Joannopoulos et al. [120]. 
 

Many examples of PCs have been found in living organisms, giving them a 

spectacular structural coloration for several purposes [13,121]. When looking at 

diatom valves/girdle bands of different species, one can find several examples that 

look like 2D PC slabs of periodicities occurring in the UV-Vis-NIR spectral ranges and 

thicknesses in the range of a few hundred nm to a few μm (see SEMs of different 

species in [17,26]). But still, the valves/girdle bands are of finite size and often have 

more complicated ultrastructure (such as the presence of multilayers and other 

optical components) and/or additional periodicities and symmetries [122,123] (see 

further Appendix B), which need to be considered when analysis their PC features.  

In 2004, the photonic band structure and waveguiding properties of the 

valves and girdle bands of the centric Coscinodiscus granii (both have PC slab-like 

structures and periodicities comparable to the visible spectral range, but each has 

distinct symmetry and lattice parameters) have been numerically analyzed for the 

first time [42]. The authors explained that the waveguided modes coupled into the 

valve/girdle can be further split into distinct PC modes that lead to photonic 

resonances, some of which occur in the visible spectral range [42]. Since then, the 

resemblance of diatom valves/girdle bands to PC slabs has captured a wide interest. 

Yamanaka et al. [124] have hypothesized that the experimentally observed 

attenuation in the blue light wavelengths propagated through a Melosira variance 
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valve can be attributed to the parabolic dispersion relations observed for the blue 

spectral range in the calculated photonic band structure (see Figure 4 in [124]), 

which means that the group velocities become slower at this spectral range. Later, 

Goessling and his coworkers [43,125] experimentally observed that the girdle bands 

of the centric Coscinodiscus granii could display a photonic pseudo bandgap (i.e., 

incomplete bandgap) at the near infrared (NIR) spectral range, which has been 

confirmed through the FDTD simulations [43,125]. They also observed that the 

pseudogap can be shifted to the visible spectral ranges by changing the incident 

angle ϴinc (see Figure 3 in  [125]). Very recently, the light modulation capabilities, 

including PC features, of valves/frustules of the pennate Nitzschia filiformis have 

been experimentally and numerically studied [126].  

Still, more efforts are needed to unveil the possible PC features of different 

valves/girdle bands, which could be beneficial for applications but also may 

determine possible photobiological relevance (if any). 

 

1.2.3. Far-field diffraction grating behavior 

A few studies have examined the far-field diffraction grating behavior of a few 

diatom valves (belonging to the genus Coscinodiscus) when normally illuminating 

their surface (see, e.g., Fig. 1.8).  

  

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1.8. (a) SEM showing a Coscinodiscus walesii valve glued to an optical fiber. (b) SEM 
showing the valve’s areolae, which have a hexagonal arrangement pattern. (c) The 
supercontinuum white light source gave a white spot on a flat white paper placed in the 
optical far-field when there was no diatom valve encountering the beam path. (d) A 
hexagonal diffraction pattern was generated in transmittance in the far-field by inserting a C. 
walesii valve in the beam path (the beam size was about 20 μm). This figure consists of 
merged and modified figures obtained from Kieu et al. [127]. 
 

In Losic et al. [41], the illumination of a Coscinodiscus sp. valve (or its 

Polydimethylsiloxane (PDMS) replica) with a He-Ne laser generates a hexagonal 



 

13 
 

diffraction pattern in transmittance with peaks up to the second order of diffraction 

in air. Noyes et al. [128] demonstrated that illuminating the valves of Coscinodiscus 

wailesii—mounted on a needle tip—generated a hexagonal diffraction pattern in air 

(also in water) of high intensity in transmittance and of lesser intensity in the 

reflectance. Their experimental results agreed with the theoretical expectation for a 

2D diffraction grid of a pore spacing of about 2 μm (the same as the studied valve). 

Similar results were observed in Kieu et al. [127], where a hexagonal diffraction 

pattern was obtained in far-field upon illuminating a Coscinodiscus wailesii valve—

mounted on a supporting optical fiber—with a supercontinuum laser source in air, as 

demonstrated in Fig. 1.8d. In all cases, the symmetry of the diffraction pattern was 

correlated to the symmetry of pore arrays in the studied valve. 

 

1.2.4. Diffraction-driven focusing in diatom valves 

The ability of some diatom valves to act as microlenses and focus the incident light in 

the transmittance is considered one of the most interesting light modulation 

capabilities yet discovered. In Stefano et al. [129], when a clean valve of the centric 

diatom Coscinodiscus wailesii (of diameter ≈ 150 μm) was illuminated with a 100 μm 

laser beam (diode laser, 785 nm), the beam was confined into a tiny spot (of full-

width at half maximum FWHM = 8.1 μm at its narrowest point) that occurred in 

transmittance, about 104 μm behind the valve center, correlated to the position of 

the hyaline area (i.e., an areolae-free zone of diameter ≈ 15 μm) (Fig. 1.9). This 

behavior was mainly linked to the diffraction contribution from all areolae.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1.9. (a) The experimental setup employed to study the focusing ability of Coscinodiscus 
wailesii valves. (b) The experimental results at the focusing maximum behind a C. wailesii 
valve (in the transmittance). (c) Fitting the experimental results to the simulation results 
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(obtained by the Wide-Angle Beam Propagation Method) at focusing maximum. This figure 
consists of merged figures obtained from Stefano et al. [129]. 
 

Later, the visible light focusing ability has been reported for a few centric 

(mainly belonging to Coscinodiscus and Arachnoidiscus genera) [130–137] and 

pennate (very recent studies [138,139]) diatoms. All studies confirmed that this 

behavior is linked to the diffraction contributed by the valves’ ultrastructure, which 

leads to a complex interference pattern with alternating constructive and destructive 

interference maxima [130,133,134,140]. In some cases, the consecutive interference 

maxima observed in the simulations cannot be observed in the experimental results 

due to the resolution limitation of the optical system used for imaging [140]. Some 

studies have shown that the focusing of Photosynthetic active radiation (PAR) can 

occur inside the frustule in water and cytoplasm, which has been assumed to be 

correlated to photosynthesis, while the harmful UV radiation is found to be 

attenuated or rather focused at larger distances outside the frustule [137,139–141]. 

All these studies have raised the question of whether this type of focusing is 

widespread among different genera and species and how we could expect a given 

valve to induce diffraction-driven focusing.  

   

1.2.5. Employing diatom valves in optical applications 

The focusing abilities observed in some diatom valves suggested utilizing them as 

diffractive microlenses in applications, and an array of these valves could potentially 

act as an array of microlenses. For example, De Tommasi et al. [132] have utilized 

the valves of Arachnoidiscus sp. combined with optical eigenmode decomposition to 

achieve a sub-diffraction focusing spot in the far-field that can be employed in super-

resolution microscopy. The valves of Coscinodiscus spp. (or their template replica) 

can also be utilized as micro-diffraction gratings based on their far-field diffraction 

grating behavior [41]. Interestingly, Maibohm et al. [133] suggested employing the 

valves of Coscinodiscus granii—which displayed consecutive constructive and 

destructive interference spots along their optical axis—in optical switching. 

Moreover, some valves (with or without modifications) have been 

investigated as optical components in a number of photonic and optoelectronic 

devices (sometimes as an analogous or alternative to PC slabs). For instance, some 

valves have been proposed as PL-based sensors [111,142], and some have been 

proposed to improve the performance of Fluorescence-based sensors [143,144]. The 

valves of a few species, mostly belonging to the genus Pinnularia, have been 

extensively investigated in fabricating surface-enhanced Raman scattering (SERS)-

based sensors after being modified or coated with a plasmonic material (often 

metallic nanoparticles) [145,146]. Additionally, it has been proposed that utilizing 

diatom valves in optoelectronic devices (such as solar cells) could enhance the 

absorption within the photoactive layer [147–149], which could explain the 
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successful attempts for employing valves in solar cells reported in the literature 

[98,150,151].  

Furthermore, depositing dense layers of the valves on substrates could be 

interesting for some applications. For example, Su et al. [152] showed that the drop-

casted layers of clean frustules (and also dried intact cells) over glass substrate 

exhibit UV filtering capabilities, and the magnitude of filtering depends on the 

species utilized. This could potentially be employed in fabricating bio-based UV 

filters.  

Currently, many challenges are still confronting the incorporation of diatom 

valves/girdle bands in commercial optical devices, which require more research 

efforts in various directions—among other things—to (i) investigate the light 

modulation capabilities of more valves/girdle bands (with various designs), (ii) 

understand the physical phenomena behind these abilities, (iii) enabling better 

control of the arrangement, bonding, and monolayer formation of the valves/girdle 

bands over various substrates, and (iv) building different strategies to modify their 

optical properties. 

  

1.2.6. Potential roles of the frustule in diatom photobiology   

Photobiology is the study of the influence of light on living organisms and their 

biological functions. Light—especially PAR, where λ ranges from 400 nm to 700 nm—

is essential for diatom living cells, like any autotrophic organism that relies on 

photosynthesis for survival [153]. A number of mechanisms have been developed in 

diatoms to maximize photosynthesis efficiency (by optimizing PAR inside 

chloroplasts, where the photosynthetic pigments and photosystems exist) and 

simultaneously protect the cell from high light intensities and/or harmful UV spectral 

ranges. These mechanisms include regulations on the molecular, intracellular, and 

behavioral levels [44,45]. Interesting examples of these mechanisms are the 

phototactic observed in pennates [154]—where the pennate living cells move 

toward or away from a light source depending on its spectral composition and its 

intensity—and chloroplast migration observed in polyplastidic centrics [155]—where 

the chloroplasts migrate inside the cell toward or away from the frustule depending 

on the light.  

In recent years, it has been hypothesized that diatom frustules may also play 

photobiological roles. It has been proposed that the diffraction-driven focusing spots 

observed for PAR spectral range could improve photosynthesis by enhancing the PAR 

inside chloroplasts [137–141]. That is often suggested, combined with having 

different mechanisms to shield the cells from harmful UV radiation [37,156]. 

Moreover, the evanescence coupling between guided modes and chloroplasts has 

also been suggested [42]. Furthermore, a wavelength-dependent transmittance has 
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been reported for a Coscinodiscus wailesii valve, suggesting that the shorter 

wavelengths (blue spectral range) could be much attenuated inside the cell 

compared to the longer wavelengths (red spectral range) [128]. That may help avoid 

high blue light intensities, which is dominant underwater [157]. Additionally, 

Romann et al. [136] observed an orientational dependent focusing behavior in 

Coscinodiscus centralis valves in a way that could help trap the light inside the cell 

and minimize backscattering.  

Still, there is no clear experimental evidence of the photobiological roles of 

diatom frustules reached, given that many studies built the assumptions on the 

observed light modulation behavior of clean valves in air. Therefore, more efforts are 

needed to investigate these assumptions.  

 

1.3. Objectives of the thesis  

The objectives of the thesis can be summarized as follows.  

- To make progress in understanding the light modulation capabilities of 

structurally distinct diatom valves employing numerical and experimental 

techniques (considered fundamental study). On the one hand, this could help 

select suitable species for the target applications; on the other hand, it could 

help to understand the possible photobiological roles when considering their 

intact frustules in their natural habitat. 

- To preliminary investigate the utilization of diatom valves as optical building 

blocks into photonic and optoelectronic devices (considered application study). 

This could enhance light management inside the optoelectronic devices and, 

thus, increase the efficiency of these devices (if optimized). 

 

1.4. Outline of the thesis  

The thesis is organized as follows. Chapter 2 covers all physics background needed to 

understand the thesis, including the background of the major experimental and 

numerical methods used. Chapter 3 describes materials, methods, numerical 

analysis conditions, and experimental setups used throughout the following 

chapters. While the main results are presented and discussed in Chapters 4 – 7. In 

Chapter 4, a novel analytical approach is proposed to analyze light modulation 

capabilities of the structurally complex valve/frustule of pennate diatom 

Gomphonema parvulum (used as a model) in the Fresnel regime and optical near-

field employing the Finite element frequency domain (FEFD) method. The proposed 

approach helps to emphasize the role of integrated optical components and 

understanding overlapping optical phenomena. Chapter 5 reveals the diffraction-
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driven light-focusing capabilities of a number of structurally distinct diatom valves by 

employing far-field optical microscopy while applying trans-illumination or side-

illumination, emphasizing the role of valves’ ultrastructure. In Chapter 6, the near-

field light modulation capabilities of the valves of the pennate Gomphonema 

parvulum and the centric Aulacoseira sp. are experimentally investigated using an 

aperture-type scanning optical near-field microscopy (a-SNOM). Chapter 7 explores 

the influence of utilizing structurally distinct diatom valves in fabricating SERS hybrid 

substrates on the SERS signal enhancement magnitude. Following that, Chapter 8 

gives a summary of the main outcomes and conclusions. Additionally, Appendix B 

demonstrates a proposed methodology for evaluating periodicities and symmetries 

of 2D pore arrays that appear in diatom frustules and their degree of perfection. 

Appendix C offers a preliminary study on incorporating diatom valves as optical 

building blocks into MISM organic photodetectors. 
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2.1. Electromagnetic waves propagation in dielectric media 

At a macroscopic scale, light-matter interaction can be explained based on the well-

established principles of geometrical optics, which help explain some optical 

phenomena, such as light focusing by lenses and mirrors, employing ray tracing 

models [1]. By revealing the wave nature of light during the 19th century, wave 

optics emerged as a branch of optics that helps explain optical phenomena such as 

diffraction, interference, and polarization. Understanding light as an electromagnetic 

(EM) wave with a given wavelength (λ) and frequency (f) has revolutionized science 

and technology [2,158]. Later, quantum optics arose to explain the quantum-level 

light-matter interaction, which further boosts technology [159]. Most of this thesis is 

related to wave optics while dealing with EM wave propagation in dielectric media.   

Generally, the propagation of EM waves can be explained with the help of 

Maxwell's equations and their derivatives. The macroscopic Maxwell's equations, 

which are relevant to this thesis, can be written in their differential form (SI units) as 

follows [160,161]. 

 

  ∇ ∙ 𝐃 = 𝜌                                                                                                                  (2.1) 
  ∇ ∙ 𝐁 = 0                                                                                                           (2.2) 

  ∇ × 𝐄 = − 
𝜕𝐁

𝜕𝑡
                                                                                                          (2.3) 

  ∇ × 𝐇 = 𝐉 +
𝜕𝐃

𝜕𝑡
                                                                                                        (2.4) 

 

Where D stands for electric displacement (C/m2), B for magnetic flux density 
(Wb/m2), E for electric field strength (V/m), H for magnetic field strength (A/m), ρ for 
volume electric charge density (C/m3), J for electric current density (A/m2). 
 

In lossless dielectric media, where the electrical conductivity is neglectable, 

the absorption of propagated EM waves is negligible. The EM waves propagate 

within such media affected by their electric permittivity (ɛ = ɛoɛr, where ɛo and ɛr 

refer to permittivity of free space and a medium, respectively) and magnetic 

permeability (μ = μoμr, where μo and μr refer to permeability of free space and a 

medium, respectively). Considering linear, isotropic, and lossless dielectric media 
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free of charges (ρ = 0) or current (J = 0), the four Maxwell's equations can be 

written in their frequency domain form as follows [161].  

 

  ∇ ∙ 𝐃 = 0                                                                                                                   (2.5) 
  ∇ ∙ 𝐁 = 0                                                                                                           (2.6) 

  ∇ × 𝐄 = −𝑖𝜔𝐁                                                                                                        (2.7) 
  ∇ × 𝐇 =   𝑖𝜔𝐃                                                                                                          (2.8) 
 

In the frequency domain form, the time-harmonic conditions are applied, 

where the electric field (as well as magnetic field) is assumed to vary sinusoidally 

with time, 𝐄(𝑡) = 𝐄𝟎𝑒𝑖𝜔𝑡, where ω is the angular frequency (ω = 2πf). The time 

derivative 𝜕 𝜕𝑡⁄  in eqs. 2.3 and 2.4 is then replaced by 𝑖𝜔, as seen in eqs. 2.7 and 

2.8. 

The following constitutive relations are often used to replace D and B in the 

previous equations. 

  𝐃 = 𝜀0𝜀𝑟𝐄 = 𝜀𝐄                                                                                                      (2.9) 

  𝐁 = 𝜇0𝜇𝑟𝐇 = 𝜇𝐇                                                                                                 (2.10) 
 

From the previous equations and conditions, the wave equation can be 

derived and can be written for the electric field as follows [161].  

  ∇2𝐄 + 𝜔2𝜇𝜀𝐄 = 0                                                                                                (2.11)  

  or 

  ∇2𝐄 + 𝐾2𝐄 = 0                                                                                                     (2.12) 

Also known as Helmholtz equation, where wave number 𝐾 = 𝜔 √𝜇𝜀. 
 

If we consider a heterogeneous non-magnetic medium (comparable to the 

porous diatom frustules, where the electric permittivity spatially changes between 

the frustule and surrounding medium that also fills the pores), the wave equation 

can also be written as follows.   

  ∇2𝐄 + 𝐾0
2𝑛2𝐄 = 0                                                                                                    (2.13) 

 

Where wave number 𝐾0 =  𝜔 √𝜇0𝜀0 =  
𝜔

𝑐
=

2𝜋

𝜆𝑣𝑎𝑐𝑐
 , 𝜀𝑟 = 𝑛2, and 𝜇𝑟 = 1. n stands for 

refractive index, λvacc for light wavelength in free space/air, c for velocity of light in 
vacuum.  
 

 In this thesis, a numerical analysis for the wave propagation will be carried 

out employing the wave equation in its frequency domain form implemented in the 

Finite element method (see, further, sections 2.4 and 3.2).   
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2.2. Optical field regions  

Generally, when an antenna emits EM waves, the space surrounding it can be 

divided into three major regions, including reactive near-field, radiative near-field, 

and far-field, depending on the wavelength, antenna dimensions, and the distance 

from it [162]. The radiative near-field and far-field are also known as the Fresnel and 

Fraunhofer regimes, respectively. These concepts can also be used to describe the 

optical field regions surrounding an object (of a size comparable to or larger than λ) 

interacting with light. The optical reactive near-field describes the EM field at the 

surface of (or at observation distances R << λ from) an object scattering light, where 

phenomena such as evanescence can be observed. While the radiative near-field 

(i.e., Fresnel regime) describes the EM field in an intermediate transition region 

between the reactive near-field and far-field, where Fresnel diffraction dominates. 

The optical far-field (i.e., Fraunhofer regime) describes the EM field at observation 

distances R >> λ from the object [163]. In the context of diffraction, the transitions 

between different optical regions are often defined through the so-called Fresnel 

number (NF = r2/λR, where r is the radius of the object) [164], as illustrated in the 

example shown in Fig. 2.1. In this thesis, the optical phenomena that occur within 

the reactive near-field (will be named near-field) and radiative near-field (will be 

named Fresnel regime) are investigated, as they are more relevant to photonic and 

optoelectronic applications as well as photobiology. 

  

 

 

 

 

 

 

 
 

 

Fig. 2.1. A sketch showing an aperture illuminated from the left-hand side. The regions 
beyond the aperture can be separated into three regions depending on the Fresnel number.  
R1, R2, and R3 represent different observation plane distances from the aperture.  
 

2.3. Micro-optics and relevant optical phenomena  

The size of most diatom frustules/valves is in the micrometer range; therefore, the 

relevant optical phenomena are discussed in the frame of micro-optics [165]. Micro-

optics is a field of optics that has been developed in recent years to understand and 

engineer light interactions with microscopic objects, which helped technology in the 

miniaturization of optical devices by shrinking their optical elements’ size, leading to 
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a dramatic boost in the efficiency and performance of those devices while decreasing 

their size and price [165]. In contrast to the macroscopic objects, light diffraction 

and interference become significant and dominate the light modulation behavior of 

microscopic objects (with a size comparable to λ). 

 

2.3.1. Diffraction 

Light Diffraction is a fundamental phenomenon where light bends when it passes 

near the edges of an obstacle or through an aperture [1,166]. The diffraction effects 

can be neglected if the aperture (or the obstacle) is much larger than the incident 

wavelength λ (Fig. 2.2a) but becomes more significant when decreasing the size, 

approaching λ (Fig. 2.2b) [163].  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Fig. 2.2. A schematic diagram showing a plane wave illuminating an aperture of a large-size 
(a) or a small-size (b). The diffraction is only observed in (b), where the wavefront diverges 
and spreads out after passing the aperture, as the blue arrows indicate. By considering the 
Huygens’ principle in (c), when illuminating the small-size aperture, each point of the 
aperture (e.g., the black dots) can be a source of a secondary wavelet that will spread out 
and interfere, generating a diffraction pattern in the near- and far-field.  
 

When diffraction occurs, a diffraction pattern (consisting of alternative 

bright/dark fringes) is generated. That can be explained with the help of Huygens’ 

principle (also known as Huygens–Fresnel principle), which defines the wavefront of 

a given propagated plane wave as an envelope consisting of a sum of infinitesimal 

secondary wavelets. According to this principle, when a planar wavefront reaches an 

aperture, the interference changes, and each point of the aperture can be 

considered as a point source producing a secondary wavelet that will interfere with 

each other’s producing the diffraction pattern (Fig.2.2c). Generally, the diffraction 

pattern generated in the optical far-field can be approximated by Fraunhofer 
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diffraction, while the diffraction pattern generated in the Fresnel regime can be 

approximated by Fresnel diffraction.  

In Fresnel diffraction, the Fresnel-Kirchhoff integral can be employed to 

determine the diffraction pattern generated by any given arbitrary structure (e.g., an 

aperture) [163]. If we consider an aperture of area A and the diffraction pattern is 

observed at a distance R from the aperture, the total electric field at each point of 

the observation plane can be calculated as an integral of all point sources over the 

aperture area. The integral can be written as follows (see [163] for more details). 

  𝐄𝑖(𝑥𝑖 , 𝑦𝑖) =  
1

𝑖𝜆
 ∬

𝐴
𝐄0(𝑥𝑎 , 𝑦𝑎)𝑒𝑖∅(𝑥𝑎,𝑦𝑎) 𝑒𝑖𝐾𝑅

𝑅
 𝑑𝑥𝑎𝑑𝑦𝑎                                     (2.14) 

Where (xa,ya) and (xi,yi) represent the coordinates of any point on the aperture and 
at the observation plane, respectively, which occur at a distance R from each other. 
This formula includes the arbitrary amplitude E0 and phase Ф of the electric field at 
any position [163]. 
   

Among various examples of diffraction, edge diffraction is considered a daily-

life phenomenon [1] that could be important for the light modulation behavior of 

microscopic objects, including diatom frustules/valves (especially that of small size). 

Generally, when light encounters an obstacle/aperture, a characteristic edge 

diffraction pattern will be generated, including bright fringes alternating with dark 

fringes occurring around the edges, where the brightest and widest fringe is the 

closest to the edges. The amplitude and the width of these fringes decreases with 

increasing the distance from the edges (see Figure 18R in [1]). Other relevant 

diffraction phenomena, including diffraction grating, will be illustrated separately 

below.   

                                  

2.3.2. Interference 

Light interference is considered a fundamental phenomenon, which can describe 

how the EM waves could interact when meeting at a given point in space [1]. 

Although the diffraction phenomenon is often accompanied by interference, not all 

interference is associated with (or caused by) a diffraction, such as thin-film 

interference. To explain the interference of EM waves, the principle of wave 

superposition can be applied. When two parallel EM waves—of electric field 

amplitudes E1 and E2, having the same wavelength λ, polarization, and direction—

meet at a point in space, they will superpose, as the examples illustrated in Fig. 2.3. 

The resulting wave amplitude depends on the superposed waves’ amplitudes as well 

as the phase difference between them (∆Ф) [1,167]. When the superposed waves 

are entirely in-phase (∆Ф = 0, λ, 2λ, 4λ, etc.), the maximum constructive interference 

is reached, where the resulting wave amplitude Etotal = E1 + E2 (e.g., Fig. 2.3a). On the 

other hand, when the waves are entirely out-of-phase (∆Ф ≈ λ/2, 3λ/2, 5λ/2, etc.), 
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the maximum destructive interference is reached, where Etotal = E1 - E2 (e.g., Fig. 

2.3b).  

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 2.3. A sketch showing the superposition of two identical sinusoidal waves propagating in 
the same direction when they are entirely in-phase (a), entirely out-of-phase (b), or have ∆Ф 

of 60° (c). The wavelength can be defined as the distance between two consecutive crests or 
troughs. Figs. (a), (b), and (c) are modified and adapted from Serway and Jewett [167]. 
 

Thin-film interference is a daily-life example of the interference that causes 

(or contributes to) structural coloration in many living organisms [168] and could be 

relevant to diatom valves/girdle bands that consist of a simple silica layer often with 

a few hundred nm thickness. As illustrated in Fig. 2.4, when light incident on an 

optically thin slab of a lossless dielectric material (of thickness Dsl and refractive index 

nsl) embedded in a homogenous medium (nm), it will partially reflect and refract at 

the 1st interface (between medium and slab). The refracted light will travel inside the 

thin slab reaching the 2nd interface (between slab and medium), where it will 

partially reflect (to travel again inside the slab toward the 1st interface) and refract 

(to leave out the slab to the transmittance). This cycle of reflection and refraction 

will be repeated each time the light wave reaches an interface. The light waves 

leaving the slab in the reflectance interferes either constructively or destructively 

depending on ∆Ф that is caused by the optical path-length difference of the waves 

(which corresponds to the distance that light travelled within the slab multiplied by 

nsl) and the possible change in the phase at reflection at the 1st interface (∆Ф = 180°, 

if nsl > nm). On the other hand, the light waves leaving the slab in the transmittance 

will also interfere, but in a converse way to give the maximal transmittance at the 

wavelengths that give the minimal reflectance and vice versa [1]. The wavelengths at 

which the maximal constructive or destructive interference occurs for a given thin 

slab can be determined through simple thin-film interference equations (see, e.g., 

eqs. 2.15 and 2.16) [167]. While, for calculating the theoretical dependency of the 
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transmission and reflection coefficients on λvacc, the complex Fresnel equations 

should be used, which can also show the positions of maximal constructive or 

destructive interference [168].  

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig. 2.4. A diagram showing the light interaction with a thin slab, leading to thin-film 
interference. Ѳ1 indicates the angle of reflection, and Ѳ2 the incident angle at the 2nd 
interface. Note that Ѳ1 = Ѳinc. It should also be noted that, under normal illumination, all 
angles are equal to zero and their Cosine equals to 1. 
 

  2 𝑛𝑠𝑙 𝐷𝑠𝑙  = (𝑚 +  
1

2
) 𝜆𝑣𝑎𝑐𝑐                 Constructive interference                    (2.15) 

  2 𝑛𝑠𝑙 𝐷𝑠𝑙  = 𝑚 𝜆𝑣𝑎𝑐𝑐                            Destructive interference                      (2.16) 

 
These equations assuming light illuminates the slab normal to its surface, and nsl > 
nm, so 180° phase change occurs for the reflection at the 1st interface. Where m is an 
integer (0, 1, 2, 3, …) and λvacc is the light wavelength in vacuum/air. 
 

2.3.3. Diffraction-driven focusing  

At the macroscale, light focused by lenses (or mirrors) can be explained via ray 

tracing of refraction (or reflection), where the diffraction and interference are 

neglectable [1,167]. At this scale, when parallel light rays incident on a lens (or a 

mirror), the refracted (or reflected) rays will converge and concentrate (focused) at a 

point (named a focal spot), which occurs at a specific distance from the lens (or the 

mirror), known as focal length Zf [167]. The focusing can then be considered 

refraction- (or reflection-) driven focusing.  

In the last few decades, many micro-optical elements have been fabricated 

via micro- and nano-fabrication techniques to focus light on the microscale, including 

microlenses and their arrays [169], metalenses [170,171], and mesosize dielectric 

structures of different geometries (see below). For dielectric microlens, light focusing 

is a hybrid between refraction and diffraction, and the extent of diffraction 

contribution depends on the lens size (with respect to λ), reaching an almost pure 

diffraction-driven focusing by approaching λ [163].  
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In the case of refraction-driven focusing, the chromatic aberration is caused 

by the refraction angle (influenced by the natural dispersion of dielectric materials), 

where the focal spot of shorter λ (e.g., blue light) occurs at a closer Zf than that of 

longer λ (e.g., red light), as illustrated in Fig.2.5a. In contrast, in case of diffraction-

driven focusing, the chromatic aberration is caused by the divergent angle of 

diffraction, where the focal spot of longer λ occurs at a closer Zf than that of shorter 

λ [163], as illustrated in Fig.2.5b.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5. (a) a Sketch showing the chromatic aberration of a refractive lens, while (b) a sketch 
showing the chromatic aberration of a zone-plate. The blue, green, and red arrows in (a) and 
(b) represent the blue-, green-, and red-light rays, respectively. (c) Numerical and 
experimental results showing PJ generation by a PDMS microcylinder (diameter = 5 µm), 
where nm = 1, nPDMS = 1.41, and λ = 405 nm. Figs. (a) and (b) are modified from Wang et al. 
[172], while Fig. (c) is adapted and modified from Liu and Lin [173].  
 

In the 80th of the last century, a distinct type of diffraction-driven focusing 

behavior was observed while exploring the light intensity distribution in the near-

field of dielectric spheres and cylinders, with a size comparable to but exceeding λ. A 

high-intensity localized beam was noted either inside (i.e., internally) or close to the 

surface at the rear side (in the near-field) of these structures at non-resonant 

conditions, after illumination with a plane wave [174]. The location of these spots, as 

well as their intensity, were correlated to refractive index contrast (∆n) and the size 

parameter (X = 2πr/λ, where r is the radius). Later, this focusing behavior was 

confirmed and well-defined through several numerical and experimental studies 

(see, for example, Fig. 2.5c) and known in many publications as "photonic jet (PJ)" or 

"photonic nanojet (PNJ)" [175–179]. PNJ terminology was coined by Chen et al. [175] 

and was used extensively afterwards, probably associated with the similarity of the 

generated focusing beam to the generated jets in fluid dynamics, besides their 

frequently reported subwavelength-FWHM (full width at half maximum) [180].  
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A major difference between this type of focusing and typical microlensing is 

that PJ generation is not limited to the spherical, cylindrical, or lens geometries but 

has also been reported for a wide range of symmetric and asymmetric non-spherical 

mesosize (e.g., of size 2 - 40 λvacc) dielectric objects [181–183]. Depending on ∆n and 

X, the PJ parameters, such as position, intensity, and FWHM, can be determined. PJ 

can be observed inside the mesosize object or at its boundary (see, e.g., [184]), and 

it can propagate without divergence over a specific length in the near-field and 

Fresnel regime zone that could reach up to a few-tens of λ [181,185]. Moreover, the 

generated PJ can be influenced dramatically by resonance phenomena (e.g., 

[186,187]) and can be tuned and/or curved (e.g., generation of the so-called 

photonic hook [188]).  

Recently, PJ focusing has received increasing attention and has been utilized 

in numerous applications [181,182,189,190] to achieve super-resolution in optical 

microscopy [190–192], subwavelength photolithography [193], optical trapping 

[194], and enhancing Raman scattering [195,196], Fluorescence [197], and 

absorption in optoelectronic devices [181]. 

 

2.3.4. Diffraction grating 

Human-made diffraction gratings (DGs) have revolutionized science, especially the 

field of spectroscopy, achieving vast progress in various fields. Today, different types 

of 1D and 2D DGs can be designed and customized for the desired application [198]. 

In nature, different types of DGs have been found to be the reason why many living 

organisms have iridescent colors [13,168].  

Fig. 2.6 shows a simple example of DGs, which can be seen as a slab (of 

refractive index ng > 1) penetrated by slits (of diameter 2r) filled with air (of nm = na = 

1), while the whole DG is embedded in air. These slits are periodically arranged in 1D 

with a spacing d. The normal incident light will be diffracted at each grid slit. The 

diffracted light from all grid slits will interfere and yield separated orders of 

diffraction in the far-field, which can be determined by solving the grating equation 

(eq. 2.17, at normal incidence). From this equation, it can be seen that the DG will 

exhibit wavelength-dependent angular dispersion when illuminated by white light.  

 

𝑆𝑖𝑛 𝜃𝑚 =  𝑚 (
𝜆

𝑑
) = 𝑚 (

𝜆𝑣𝑎𝑐𝑐

𝑛𝑚∗ 𝑑
)                                                                         (2.17)   

Where Θm is the diffraction angle for a given diffraction order, m is an integer that 
refers to the diffraction order (0, 1, 2, etc.), and λ is the wavelength of light in 
medium (λ = λvacc/nm). 
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Fig. 2.6. A schematic diagram showing an example of DGs. It should be noted that the black-
dashed light rays aim only to simplify and approximate the diffraction wavefronts directions, 
while in reality the interference pattern is much more complicated, especially if Huygens's 
principle is considered. m stands for the diffraction order.  
 

In the Fresnel regime zone of DGs, the interference between different orders 

of diffraction yields a phenomenon known as "Talbot effect" that has been first 

observed by Henry F. Talbot [199] and well-described by Lord Rayleigh [200]. The 

Talbot effect is also known as self-images of the DG, where a specific interference 

pattern is formed in the grating’s near-field and Fresnel regime zone when 

illuminated (see, for example, Fig. 2.7). This pattern consists of periodic bright 

fringes alternating with dark fringes representing an image copy of the DG repeated 

at fixed distances equal to Talbot length "ZT" [200,201]. Depending on the number of 

diffraction orders that interfere, additional sub-images at fractions of ZT could 

appear [202]. The Talbot length can be calculated according to eq. 2.18, specified for 

DGs with small d (which is applicable for the diatom valves/girdle bands) [200]. 

 

  𝑧𝑇 =  
𝜆

1−√1−
𝜆2

𝑑2

=  
𝜆𝑣𝑎𝑐𝑐

𝑛𝑚(1−√1−(
𝜆𝑣𝑎𝑐𝑐
𝑛𝑚∗ 𝑑

)
2

)

                                                                  (2.18)                                                              

 

In recent years, the Talbot effect has been studied in both 1D and 2D 

diffraction gratings using theoretical and experimental approaches [202–206], and 

has been utilized in applications, for instance, displacement Talbot lithography 

[207,208], fluorescence Talbot microscopy [209], and image sensors [210]. 
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Fig. 2.7. (a) A sketch showing 1D DG (at the left). By zooming the Fresnel regime zone of the 
diffraction grating, a periodic pattern can be observed (at the right), which can then be 
called Talbot zone. (b) z-x slices in the 3D intensity distribution (measured and recorded by a 
high-resolution interference microscope) at the Fresnel regime zone of a 2 μm-period grid at 
different laser lines showing the interference pattern of the optical Talbot effect in 
transmittance. The grid surface occurs at z = 0 μm and is trans-illuminated from the bottom. 
Fig. (a) is adapted from Ye et al. [211], while Fig. (b) is adapted from Kim et al. [202]. 

 

2.3.5. Waveguiding 

As illustrated in Fig. 2.8a, when light travels from an optically denser medium (of 

higher n) to an optically rarer medium (of lower n), and incident on the interface 

between the two media at ϴinc > ϴc the so-called critical angle (which can be 

determined from eq. 2.19), it will totally reflect to the denser medium [167]. This 

phenomenon is known as total internal reflection (TIR) and is considered the core 

mechanism for light guiding via optical fibers. For an optical fiber with a core of 

higher refractive index (nwg), surrounded by a cladding of lower refractive index 

(ncladding), the incident light can be coupled (if ϴinc < ϴacc the acceptance angle of the 

optical fiber, which can be calculated by eq. 2.20 [212]) and propagated within its 

core, when TIR conditions at the core/cladding boundaries can be satisfied (Fig. 

2.8b). As illustrated in Fig. 2.8c, each time the TIR occurs at the interface, an 
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evanescent field (non-propagating) is generated, which penetrates the transmittance 

medium for a short distance (typically >> λ) characteristic with an exponential decay.  

 

 
 

 

 

 

 

 
 
 
 
 

 
 

 
 
Fig. 2.8. (a) A schematic representation showing different states for light travelling from a 
higher refractive index medium (n1) to a lower one (n2), which enables TIR only if ϴinc > ϴc. Ѳr 

is the angel of refraction. (b) A sketch showing the principle of coupling and waveguiding of 
light into the optical fibers. (c) The Evanescent wave generated at the position of TIR. 
 

  sin 𝜃𝑐 =  
𝑛2

𝑛1
 sin 𝜃𝑟 =

𝑛2

𝑛1
                                                                                                       (2.19)                                                                                                          

Derived from Snell’s law, where sin Ѳr = sin 90° = 1 and n1 > n2. 

 

   sin 𝜃𝑎𝑐𝑐 =  (
√𝑛𝑤𝑔

2 −𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔
2

𝑛𝑚
)                                                                                           (2.20)                                                              

Where nm is the refractive index of the medium from which light coupling occurs.  
  

By reducing the width of an optical fiber, approaching λ (as in the case of 

micro-/nano-optical fibers [213]), it became a waveguide. The number of supported 

modes within a waveguide is affected by its width Wwg (with respect to the 

wavelength of propagated light inside λwg), while the zero mode can always be 

supported [212]. Each mode has a specific field distribution inside the core and has a 

distinct propagation constant [212]. The mode confinement (inside the core) and the 

penetration depth of its evanescent field (into the cladding) depend on Wwg and ∆n 

[212,214].  

The optical fibers are widely used to guide light over long distances with 

minimum losses enabling optical communications [215]. While more recently, micro-

/nano-optical fibers have been fabricated and shown superior properties compared 
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to the larger size optical fibers (see Figure 1 in [213]), making them suitable for 

various applications (see Figure 9 in [213]). 

 

2.3.6. Guided-mode resonance 

Guided-mode resonance (GMR) is considered a type of Wood’s anomalies reported 

by Robert W. Wood [216]. This phenomenon has been observed in resonant 

diffraction gratings (of different geometries and configurations [217]) and PC slabs 

[218,219] of a period d comparable to λ. Fig. 2.9 sketches the GMR mechanism, 

assuming a free-standing resonant dielectric 1D DG illuminated with a plane wave. At 

specific combination of various parameters related to the grating (including its 

refractive index ng, its period d, fill factor ff (i.e., the grid unit width/d), and its 

thickness D), the surrounding medium (including nm) and the incident light (including 

its λvacc, incident angle ϴinc, and polarization) [216,220,221], the resonant conditions 

are reached, where the diffracted waves can be coupled, waveguided, and interfere 

inside the DG (considered as inhomogeneous waveguide), as illustrated in Fig. 2.9. 

During resonance, an intense EM field can be observed inside the grating associated 

with an evanescence field (see, for example, Figure 3 in [217]). Moreover, due to the 

periodic nature of the grid, the guided modes cannot be sustained and leak out from 

the waveguide region [216] to interfere constructively at reflectance and 

destructively at transmission. That gives a characteristic spectrum with anomalous 

reflectance/transmittance values at GMR conditions, enabling highly selective light 

filtering capabilities [216,222].  

 

 

 

 

 

 

 

 

 

 
 
Fig. 2.9. A schematic representation showing a transparent 1D DG under resonant 
conditions. When the incident plane wave reaches DG, its interference changes, and each slit 
can be considered a source of hemispherical wavelets (according to Huygens' principle). 
These wavelets can be partially coupled inside the grid units. Only if the resonant conditions 
are reached, the waves are strongly coupled and guided through the DG structure. During 
GMR, the reflectance increases significantly, while the transmittance reduces. It should be 
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noted that the thin-film interference can occur in the background depending on the DG 
thickness.  
 

Possible GMR modes can occur each time the resonant conditions are 

reached. For each mode (which can be obtained at a narrow range of λvacc, called a 

bandwidth), the resonance reaches the maximum at a specific wavelength λvacc,GMR, 

which can be tailored (i.e., shifting toward higher or lower wavelengths) by tuning 

the parameters mentioned above. The GMR modes can be determined by solving 

the Eigenvalue equation or employing different numerical analysis techniques [217]. 

In recent years, GMR has been involved in several applications, including the 

fabrication of highly efficient sensors and highly selective optical filters 

[220,223,224].  

 

2.4. Finite element method 

The finite element method (FEM) is often used as a powerful numerical analysis 

technique for solving scientific problems in various fields, including optical problems, 

via solving the relevant partial differential equations (PDEs) [225,226]. This method 

relies on mathematical discretization of the simulation domain into elements of 

finite size connected to each other through nodes, which gives the domain a mesh 

appearance (see, e.g., Fig. 2.10b). There are several types of finite element geometry 

that can be employed for discretizing the domain, which gives flexibility in meshing 

the irregular and complex structures. In general, the size of finite elements (i.e., the 

mesh size) is crucial when considering the accuracy of the calculations and the 

results. The more accurate results require smaller mesh sizes [226]. The main 

constraint for using a very dense mesh is the higher computational power required 

in the system used for analysis. In the two-dimensional (2D) simulation domain (used 

in this thesis), finite elements often have a polygonal geometry, including triangular 

and quadrilateral shapes.  

 

 

 

 

 

 

 

 
 

Fig. 2.10. An example of the discretization of the 2D simulation domain. The smaller 
structures within the simulation domain (a) lead to smaller finite elements, as seen in the 
discretized domain (b).  
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Currently, there are several commercially available software packages to 

perform FEM, including COMSOL Multiphysics. In COMSOL Multiphysics, there are a 

few modules that can solve optical problems, including Ray optics, wave optics, and 

RF modules. The wave optics module—suitable for studying the EM wave 

propagation and investigating phenomena such as diffraction, interference, 

scattering, and waveguiding—was selected and employed in all simulations shown in 

this thesis. Within the wave optics module, there is an ability to perform frequency 

domain analysis [227], which provides the solution for the wave equation in its 

frequency domain form (eq. 2.13). The simulation method can be called then finite 

element frequency domain (FEFD) method. Under these conditions, the 

mathematical representation of the electric field component of a plane wave 

propagating in the 2D simulation domain can be written as follows [161].  

  𝐄 =  𝐄𝟎 𝑒−𝑖𝐤∙𝐫                                                                                                        (2.21) 

Where K is the real wave vector (i.e., without an imaginary component), r is the 
position vector. It should be noted that this equation is derived from the wave 
equation [161].  
  

After defining the physics and the governing equation that need to be solved, 

the boundary conditions of the simulation domain should also be defined. In EM 

simulations, using suitable boundary conditions is crucial to prevent the reflections 

at these boundaries, so we are sure that the boundaries are transparent for the 

incident/scattered waves. Among different boundary conditions available in the 

wave optics module, the scattering boundary condition (SBC) is often used as a 

perfect transparent boundary for the scattered (outgoing) waves, which could be 

either a planar, spherical, or cylindrical wave [227]. Additionally, it is also perfectly 

transparent for the normal incident (incoming) waves. The mathematical equation of 

the plane scattered wave is illustrated in eq. 2.22 [227]. The SBC also enables 

selecting the wave polarization to become out-of-plane (oscillating in z-direction) or 

in-plane (oscillating in x- or y-directions), for a 2D simulation domain extends in the 

x-y plane. The perfectly matched layers (PMLs), which are more efficient in 

absorbing the incident waves with an incline incident angle, can also be used where 

no scattered waves are required.  

   𝐄 =  𝐄𝐬𝐜 𝑒−𝑖𝑘(𝐧∙𝐫) +  𝐄𝟎 𝑒−𝑖𝑘(𝐊∙𝐫)                                                                                     (2.22)                                                                  

After determining the simulation conditions, numerical calculations are 

carried out at each node. Thereafter, the solution is assembled and interpolated 

across the whole simulation domain using a set of matrixes and equations. After 

obtaining the solution, further post-processing steps are required to visualize the 

solution and extract the information from it in the form of plots, graphs, contour 

maps, etc.   



 

33 
 

2.5. Scanning near-field optical microscopy 

The conventional optical microscopes are used to magnify and disclose microscopic 

objects—using visible light and a set of lenses—which has been widely employed in 

various fields with different configurations [228]. As the distance between the object 

under observation and the objective lens (i.e., the working distance) is much larger 

than the wavelength of light, we call these optical microscopes far-field systems. In 

such systems, the lateral resolution of microscopic features is constrained by the 

Abbe diffraction limit [228], see eq. 2.23. 

  ∆ =  
𝜆𝑣𝑎𝑐𝑐

2𝑛𝑚 𝑠𝑖𝑛𝛼
=  

𝜆𝑣𝑎𝑐𝑐

2𝑁𝐴
                                                                                                  (2. 23) 

Where ∆ is the minimum lateral resolving distance, and α is the half angle of the light 
cone enters the objective. 
 

To overcome the diffraction-limited resolution of conventional optical 

microscopy, various techniques—based on different physical principles—have been 

developed, including super-resolution microscopy [229], confocal microscopy, 

electron microscopy, and scanning probe microscopy (SPM). In general, the SPM 

relies on scanning the sample in proximity to its surface using a sharp tip (of 

nanometric dimensions, often fixed on a cantilever) and includes techniques such as 

scanning tunnelling microscopy (STM) and atomic force microscopy (AFM) [230]. The 

STM relies on electrons tunnelling from the tip to the sample (or vice versa) under an 

applied voltage, thus being limited to conductive materials under high vacuum 

conditions. While AFM relies on tip-sample interactions, exhibiting either attraction 

or repulsion forces depending on the distance between them (Fig. 2.11). In both 

cases, the probe scans the sample surface while measuring the changes in tunnelling 

current (in the case of STM) or in the cantilever deflections (in the case of AFM), 

which enables collecting information about that surface, including its topography 

with atomic resolution. 

Scanning near-field optical microscopy (SNOM) can be considered an 

expansion of SPM, which relies on merging near-field optics and AFM principles. 

When the SNOM probe is scanning the near-field of a sample (and possibly could 

also scan its Fresnel regime zone), it could reveal its optical features with 

subwavelength resolution, while simultaneously showing its topographical features 

with nanoscale resolution [231,232]. There are two major types of SNOM: 

apertureless (s-SNOM) and aperture (a-SNOM), depending on whether a 

nanoaperture (of subwavelength dimensions) is present or absent at the tip of the 

scanning probe. The a-SNOM can be operated either in transmission or reflectance 

configuration. Each configuration can be operated either in the illumination or 

collection mode [233]. In this thesis, an a-SNOM operated in transmission 
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configuration was employed in both illumination and collection modes (Fig. 2.12), 

see further subsection 3.4 (Chapter 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11. (a) A sketch showing an AFM, where its probe (consists of a cantilever with a sharp 
tip) scans the surface of the sample. The cantilever deflections that occur during scanning 
can be detected with the help of a laser and position-sensitive photodetector. (b) An 
example of AFM probes, as observed under SEM. (c) A plot showing the dependency of the 
forces governing the tip-sample interaction on the distance between them. In the case of the 
contact mode, the probe deflections are caused by the repulsion between the tip and 
sample, while in the non-contact mode, they attract each other. Fig. (a) is adapted from 
Rousso and Deshpande [234], (b) is adapted from Florea et al. [235], while (c) is modified 
from Dzedzickis et al. [236].    
 

 

 

  

 

 

 

 

 

 

 

Fig. 2.12. Schematic representations showing the SNOM principle in the transmission 
configuration, while operated in the illumination (a) or collection (b) modes. Al stands for 
the Aluminum coating of the SNOM probe.  
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In the illumination mode, the nanoaperture of the SNOM probe acts as a 

nano-size light source, potentially can be approximated as a point-like source, 

illuminating small areas (of dimensions approximately equal to the aperture size) of 

the sample. During scanning, the evanescence field emanating from the 

nanoaperture can be locally coupled to the sample (Fig. 2.12a). The scattered or 

decoupled waves at the sample surface are transferred into propagating waves that 

are transmitted and can be collected and detected in the far-field. At the end of the 

scan, an optical image is retrieved, where each pixel represents the overall intensity 

collected over the whole field of view when illuminating a small area with this single 

pixel at its center. In the collection mode, samples are illuminated with a light source 

in the far-field, while the nanoaperture locally collects propagating and non-

propagating fields in the optical near-field (Fig. 2.12b). At the end of the scan, an 

optical image is retrieved, where each pixel represents the intensity of local 

(propagating and non-propagating) fields at this pixel. Unlike the illumination mode, 

the collection mode thus enables detecting the evanescent waves directly at the 

surface. Interestingly, in both cases, the measurements can be coupled with 

spectroscopy to obtain spectral information at each pixel.     

This technique became well-established and has been applied in various 

fields, for example, to study nanoparticles [233], photonic crystal structures 

[237,238], optical nanofibers [239], photovoltaics [240], and diffractive 

microelements [241,242]. 

 

2.6. Surface-enhanced Raman spectroscopy 

Raman spectroscopy is a non-destructive label-free analysis technique that enables 

investigating the Raman-active molecular vibrational modes (i.e., the vibrational 

modes that are associated with changes in the molecule polarizability), leading to 

qualitative and quantitative information about the chemical composition of a given 

sample [243,244]. This technique relies on the photon inelastic scattering by 

molecules (known as Raman scattering, after its discoverer Sir Chandrasekhara V. 

Raman) and has been widely applied in various fields, including chemical analysis, 

biomedical diagnosis, environmental monitoring, and forensics.      

When a sample (consisting of Raman-active molecules) is illuminated with 

light (preferably a laser source), a fraction of non-absorbed photons will be scattered 

either elastically (i.e., without changing their energy, the majority of scattered 

photons producing strong Rayleigh scattering) or inelastically (i.e., with changing 

their energy result from the associated changes in molecule vibrational energy level, 

the minority of scattered photons producing Raman scattering), as demonstrated in 

Fig. 2.13a. The Raman scattered photons could have a lower or higher energy 

(Stokes or anti-Stokes modes, respectively) compared to the incident photons (Fig. 
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2.13a). This energy difference is known as Raman shift, which is used to study and 

analyze the obtained Raman spectrum [244]. The Raman shift is often measured by 

wavenumber units (cm-1), which equal the reciprocal of the wavelength (in cm). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 2.13. (a) Jablonski energy level diagram of spontaneous scattering. In the frame of 
quantum mechanics, the scattering involves transitions to the so-called virtual states. In 
Rayleigh scattering such transition does not change the associated photon frequency (and, 
thus, the scattered light wavelength λscattered), while in Stocks or anti-Stocks Raman scattering 
the photon frequency is changed (and, consequently, λscattered). S0 and S1 stand for the 
molecular energy levels, where each energy level consists of a number of vibrational levels, 
ν0 stands for the frequency of incident light, νvib for the frequency corresponding to the 
vibrational level change, and h for the Planck constant. (b) A sketch showing an example of 
diatom-based SERS hybrid substrate, where the SPR of silver nanoparticles could couple to 
GMR induced by the PC structure of a diatom valve to enhance the SERS signal of adsorbed 
analyte molecules. Fig. (a) is modified from Dey [245], while (b) is adapted from Kraai et al. 
[246].    
 

Due to the low photon yield from Raman scattering (compared to that of 

Rayleigh scattering), the Raman signal is very weak. Therefore, some approaches 

have been employed to enhance the signal and, thus, the detection sensitivity 

[243,247]. Among these approaches, surface-enhanced Raman spectroscopy (SERS) 

is considered a powerful technique widely used for chemical analysis with a 

detection sensitivity that could reach down to a single-molecule level [248,249]. 

SERS is often achieved by having the analyte molecules adsorbed on the surface of 

metallic nanoparticles (NPs), ultrathin, or rough (i.e. nanostructured) metallic films 
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[250–252]. In this case, the obtained signal enhancement is attributed mainly to two 

mechanisms: the chemical and EM, the latter has the greater contribution. In the 

EM-based mechanism, the excitation of surface Plasmon resonances (SPR)—both 

localized (in the case of NPs or nanostructured metal surfaces) or delocalized (in 

continuous metallic films)—leads to enhancing the local EM field in proximity to the 

adsorbed molecules. That is expected to greatly enhance the signal, as the SERS 

enhancement g ∝|Eloc/E0|4, where Eloc is the local electric field and E0 is the incident 

electric field [253]. 

An additional enhancement for the SERS signal can be achieved by employing 

the so-called SERS hybrid substrates [254]. For instance, utilizing a resonant DG or 

PC coated with plasmonic active material leads to the coupling of, e.g., GMR at 

certain frequencies to the SPR, which increases Eloc significantly, and, thus, yields a 

higher g [254–257]. This has been the major reason for employing diatom valves in 

fabricating SERS hybrid substrates in the literature (see the example shown in Fig. 

2.13b).   
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3.1. Materials and sample preparation 

3.1.1. Diatom samples 

Table 3.1 summarizes different diatom samples used in this thesis. Some of the 
obtained samples required further processing (including extraction, separation, 
and/or purification steps) to obtain clean valves suitable for further studies and 
applications. In general, sample processing aims to (i) remove the associated organic 
matter (especially in the case of cultivated/living samples) and retrieve the siliceous 
valves, (ii) reduce the impurities and non-siliceous content (such as calcite and other 
oxides in the case of fossil samples), and if necessary (iii) increase the size uniformity 
of the valves within the final purified sample. It should be noted that different 
diatom sample processing procedures are already established in the literature 
[104,258–260]; however, selecting a suitable method depends on the nature of the 
sample, its impurities, and the purpose of using it. 
  
Table 3.1. Different diatom samples used in the experimental work. It should be noted that 
the sample processing methods mentioned in the table are explained in section A.2 
(Appendix A).  

The sample Provider (source) 
Sample 

processing 
Chapter/Appendix Abbr. 

Living culture of the pennate 
diatom Gomphonema 

parvulum 

Kindly provided by 
Dr. Cathleen Oschatz 
(Max Planck Institute 

of Colloids and 
Interfaces, Potsdam, 

Germany) 

H2O2 
treatment 

Chapter 5 
Chapter 6 
Chapter 7 

GP 

Living culture of the centric 
diatom Coscinodiscus 

radiatus 

Chapter 5 
Chapter 7 

CR 

Celatom®LCS-3 (Natural 
grade diatomite sample 

mainly containing 
Aulacoseira spp.) 

Purchased from EP 
minerals company 

(USA) 

HCl 
treatment 

+ 
Settling 

Chapter 5 
Chapter 6 
Chapter 7 

Aula 

Fossil valves of the pennate 
diatom Pinnularia cf. gigas, 

from diatomite deposits 
occurs at Ugchelen 

(Netherlands) 

Purchased from Mr. 
Michel Haak 

(Netherlands) 

Not required 

(obtained as 
clean valves 
suspended 
in water) 

Chapter 5 Pin 

 

Materials and Methods 
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A fossil valve of the centric 
diatom Actinoptychus 

heliopelta, from diatomite 
deposits occurs at Dunkirk, 

Maryland (USA) 

 

A gift from Mr. 
Emiliano Bellotti 

(Italy) 

 

Not required 

(obtained as 
arranged 

clean valves 
on a 

substrate) 

Chapter 5 (5.2) 

Acto 

A fossil valve of the centric 
diatom Craspedodiscus 

coscinodiscus, from diatomite 
deposits occurs at Dunkirk, 

Maryland (USA) 

Cosc 

A fossil valve of the pennate 
diatom Stauroneis 

phoenicenteron from 
diatomite deposits occurs at 

Loch Cuithir, Isle of Sky 
(Scotland) 

Staur 

A fossil valve of pennate 
diatom Pinnularia viridis 
obtained from diatomite 
deposits occurs at Loch 

Cuithir, Isle of Sky (Scotland) 

Pinn 

A recent valve of pennate 
diatom Didymosphenia 

geminate collected from 
Gunpowder falls, Maryland 

(USA) 

Did 

Moronita© 

(processed diatomite sample 
mainly containing 
Ethmodiscus rex) 

A gift from Mr. Juan 
Muñoz 

(Sevilla, Spain) 

Not required 

(obtained as 
a powder of 
processed 

clean 
sample) 

Appendix C Ethmo 

 

3.1.2. Dispersing clean diatom valves over glass substrate 

Dispersing clean diatom valves—of a microscopic size—over a macroscopic 

substrate, such as the clean glass substrates used here (see the preparation method 

of the clean glass substrates in section A.3, Appendix A), is often required to obtain 

a monolayer that facilitates their study and implementation in applications. 

The clean valves—suspended in deionized water, unless otherwise stated—

were dispersed over the clean glass substrates to form a monolayer via drop casting, 

employing an automatic micropipette. In all cases, the suspended valves were 

ultrasonicated for a few minutes in an ultrasonic bath each time before drop casting 

to disperse the valves well in the suspension. The valves’ concentration and drop size 

were optimized for each sample to avoid valves’ accumulation within the obtained 

monolayer. The obtained monolayers were left to dry on a flat surface at ambient 
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conditions. These monolayers were used in the studies shown in Chapters 5-7 and 

Appendix C, as well as in examining the valves’ ultrastructure using optical and 

electron microscopy. However, it should be noted that some specifications and 

customization for preparing the valves’ monolayer for some studies were 

implemented, as demonstrated below. 

For the side-illumination study (section 5.3, Chapter 5), the concentration of 

each sample was adjusted to avoid agglomeration of the valves in the monolayer to 

preclude the interference of scattered light from overlapping or adjacent valves and 

to minimize the shadowing effect as much as possible.  

For the SNOM measurements, the valves were spread over a glass substrate 

coated with a gelatine layer. The gelatine layer was crucial for fixing the valves while 

scanning their surface with the SNOM probe. It was obtained by dipping the clean 

glass substrates into 1% gelatine aqueous solution (65° C) and left to dry overnight in 

a tilted position at ambient conditions. Thereafter, a drop (≈ 5 μl) of the suspended 

valves (in deionized water) was deposited over the gelatine and left to dry on a flat 

surface at ambient conditions. This method has been developed and optimized 

together with Dr. Martina Gilic. It should be noted that the deposited valves were 

placed over the gelatine layer but still immersed in air (i.e., did not sink into or fill 

with the gelatine), as confirmed by the SNOM shear force images obtained by 

Professor Paul Fumagalli.  

For one of the photoactive electrodes prepared for the MISM photodetector 

preliminary study (see SPPMAu+Ethmo electrode fabrication, subsection C.1.1, 

Appendix C), the following method was employed to obtain a relatively uniform and 

dense layer of Ethmo valves over glass substrates. Briefly, the processed Ethmo 

valves were suspended in ethanol (70%) with a concentration of 0.4 g/l. About 50 µl 

of the valve suspension was spread over a clean glass substrate and left to dry on a 

flat surface at ambient conditions, away from any vibrational sources as possible. 

This step was repeated seven more times to have, in total, eight dried drops over the 

substrate. An example of the films obtained by this method is shown in Fig. A.3 

(Appendix A). It should be noted that this method was optimized after studying the 

influence of different parameters, including solvent type, valves’ concentration, drop 

size, and number of drops, on the film uniformity. 

 

3.2. Numerical analysis  

In this thesis, a COMSOL Multiphysics 5.5 version was utilized for numerical analysis. 

The 2D FEFD simulations were employed mainly to analyze (i) the light modulation 

by the valve/frustule of GP (demonstrated in Chapter 4), (ii) the diffraction-driven 

focusing induced by Aula valves under side-illumination (demonstrated in Chapter 5, 

section 5.3), (iii) the diffraction-driven focusing induced by GP and Aula valves under 
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trans-illumination (demonstrated in Appendix A, subsections A.10 and A.12, 

respectively), and (iv) the SNOM results of GP and Aula valves (demonstrated in 

Chapter 6). For this, the detailed valve ultrastructure of GP and Aula was 

investigated to obtain statistically representative models for numerical analysis, as 

demonstrated below.  

 

3.2.1. Building statistically representative models 

The GP Valve  

To analyze the role of the structural features in GP valves in a methodical fashion, a 

statistical 3D model of a GP valve was created (Fig. 3.1). This 3D model was 

constructed using the geometry building tools in COMSOL Multiphysics®, based on 

the weighted mean (Xw) values of the GP valve’s structural parameters (illustrated in 

Table 4.1, Chapter 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1. (a) The selected vertical and longitudinal CSs across the statistically representative 
3D valve model that is shown at the center (at its external top view). The selected five 
vertical CSs and the eight longitudinal CSs are schemed at the right and left, respectively, 
along with some 2D cross-sections from the 3D reconstructed data (obtained from Dr. 
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Cathleen Oschatz) to show comparable places in the valve, reflecting the similarity between 
the final 2D CSs and the actual structure. (b) Some major structural parameters in the 3D 
model and 2D CSs (see Table 4.1). This figure is reproduced from Ghobara et al. [261]. 
 

The required structural parameters needed for the construction of the 3D 

model were extracted from 2D SEM micrographs and 3D reconstructed valves (both 

were acquired by Dr. Cathleen Oschatz based on the methodology described in 

Ghobara et al. [261]) using ImageJ software by averaging a number of measurements 

in each image Xav,i and calculating the corresponding standard deviation dXav,i. To 

obtain not only the variation of the parameter within one valve but also across 

different valves, the weighted mean Xw of the parameter (eq. 3.1) was calculated, 

including its internal and external errors, dXint (eq. 3.2) and dXext (eq. 3.3), 

respectively. If dXint was larger than dXext, the variation within the valves (within 

dXav,i) was larger than the variation between valves and vice versa. This analysis 

helped the estimation of the significance of the structural precision with the 

variation seen in the simulation results upon changes in the corresponding structural 

parameter. 

 

  𝑋𝑤 =  
∑

1

𝑑𝑋𝑎𝑣,𝑖
2 𝑋𝑎𝑣,𝑖

∑
1

𝑑𝑋𝑎𝑣,𝑖
2

                                                                                                  (3.1) 

  (𝑑𝑋𝑖𝑛𝑡)2 =  
1

∑
1

𝑑𝑋𝑎𝑣,𝑖
2

                                                                                                 (3.2) 

  (𝑑𝑋𝑒𝑥𝑡)2 =  
1

(𝑛−1) ∑
1

𝑑𝑋𝑎𝑣,𝑖
2

 ∑ (
𝑋𝑎𝑣,𝑖−𝑋𝑤

𝑑𝑋𝑎𝑣,𝑖
)

2

                                                                 (3.3) 

The numerical calculations were performed on 2D cross-sections, which 

allowed greater structural variability with moderate simulation times and reduced 

the complexity in the obtained results. For this, representative 2D longitudinal 

(CSlong,i) and vertical (CSver,i) cross-sections were extracted from the 3D model to 

cover all distinct structural features (Fig. 3.1a). At this point, the cross-sectioning 

across the 3D model produced sharp edges, which were smoothed to resemble the 

reconstructed data from FIB-SEM, as shown in Fig. 3.1a.  

 

The Aula Valve  

The Aula valve structural parameters were extracted from SEMs of 20 different 

valves (the raw SEMs were acquired by Dr. Martina Gilic) using ImageJ software. The 

thicknesses of different parts were measured from broken valves, while the average 

lattice parameters of the areolae arrays—which occur at the valve face and the 

mantle—were measured, and the lattice type was assigned using the newly 

developed methodology outlined in Appendix B. After that, the Xw of each 

parameter, its internal (dXint), and external (dXext) errors were calculated based on 
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eqs. 3.1, 3.2, and 3.3, respectively. Based on the weighted mean (Xw) values of the 

structural parameters (illustrated in Table 5.2, Chapter 5), a total of four horizontal 

and two longitudinal 2D CSs were built to cover different structural features of the 

Aula valve (Fig. 3.2). It should be noted that Aula CSlong,i and CShor,i represent the z-y 

and x-y planes in the 3D valve, respectively. It should also be noted that the 

numerical analysis of CShor,i were only relevant for the side-illumination study (see 

subsection 3.2.4). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2. The representative 2D CSs of the Aula valve. The CSlong,1 and CSlong,2 show the valve 
with and without areolae, respectively. The CShor,1 shows the porous plate of the valve face, 
which has a disc-like structure of an approximated height of 200 nm. Moreover, CShor,2 and 
CShor,3 show the mantle with and without areolae, respectively. Furthermore, CShor,4 shows 
the Ringleist, which has a hollow disc-like structure.  

 

3.2.2. Analysis of the light modulation by GP valve/frustule 

The numerical analysis of the wave propagation across GP CSs was performed 

inspired by the procedures demonstrated in a COMSOL application note [262]. 

Unless otherwise stated, each 2D CS was placed into a rectangular simulation box 

(100 µm height (y-axis) and 40 µm width (x-axis)) at a distance of 4 µm from the 

input boundary (Fig. 3.3), which was illuminated (normal to its surface) with a plane 

wave of 80 µm size (centered at y = 0), defined by a transverse (i.e., out-of-plane) 

electric field of strength Einput = 1.00 V/m. The scattering boundary condition (SBC) 

was applied to the input boundary at the left, while the remaining boundaries were 
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set as perfectly matched layers (PMLs) to avoid nonphysical reflections. This 

configuration was chosen after optimization to ensure the receiving of a plane wave 

as perfect as possible at the position of the CS. 

Unless otherwise stated, the calculations were performed as parametric 

sweeps, changing the vacuum wavelength of the input wave λvacc from 300 nm to 

800 nm in 50 nm steps to cover the main radiation of the solar spectrum. Across all 

wavelengths, the refractive index of the amorphous silica constituting the GP valve 

nv was set to 1.46 [263], while the refractive index of the surrounding medium nm 

was set to na = 1.00 or nw = 1.33, representing air or water, respectively. The mesh 

size was controlled by the physics and, in all cases, was much smaller than λvacc 

(reaching a few nm, but having a maximum size of λvacc/n/5 [227]) and automatically 

adapted to the complexity of the geometry of the CSs. To study the influence of the 

refractive index contrast, parametric sweeps of 1.00 < nm < 1.46 and 1.00 < nv < 1.9 

were performed.  

 

 

 

 

 

 

 

 

 

Fig. 3.3.  The optimized simulation domain. 
 

Moreover, the results were compared to simulation results of 2D analytical 

models of distinct optical components, such as thin slabs, as well as lens-like, grid-

like, and fiber-like structures of silica, under identical conditions. This allowed more 

detailed study of the effect of distinct structural parameters (e.g., length, thickness, 

striae spacing, and areolae diameter) on the light interference patterns. 

Furthermore, to understand the relevance of the observed optical phenomena of the 

valve’s CSs to the photobiology of living cells, the effect of adding 4 girdle bands and 

a hypovalve to selected CSs was studied in water. 

After computation, unless otherwise stated, two-dimensional images 

displaying the distribution of the normalized electric field strength ENorm within the 

simulation domain were obtained, with a strength scale (0 to 2 V/m) depicted with a 

color code ranging from blue (ENorm < Einput) to white (ENorm = Einput) to red (ENorm > 
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Einput). Where necessary, the ENorm values were extracted at precise (x, y) positions in 

the simulation domain by creating 2D cutlines. 

 

3.2.3. Simulation conditions for the Aula valve side-illumination study 

The numerical analysis of the wave propagation across Aula CSs was carried out by 

implementing the same conditions used in the previous subsection but with minor 

modifications. Here, the simulation domain has a 90 µm height (y-axis) and 50 µm 

width (x-axis), to obtain a deeper field behind Aula CSs (of larger size compared to 

GP CSs), while keeping the simulation time almost the same. The simulations were 

carried out at only three λvacc (470 nm, 590 nm, and 660 nm), equivalent to the λmax 

of the used LEDs in the experimental setup (see subsection 3.3.2). Both polarizations 

of E field (out-of-plane and in-plane) were considered in the simulations.  

After computations, 2D images illustrating ENorm distribution within the 

simulation domain were obtained, with a strength scale starting from 1 V/m that 

only emphasizes the constructive interference (where ENorm > Einput), while keeping 

the destructive interference and Einput (where ENorm ≤ Einput) not emphasized.  

 

3.2.4. Simulation conditions for the trans-illumination study 

To mimic the relevant experimental conditions as possible (see subsection 3.3.1), 

the simulation domain and conditions used in subsection 3.2.2 were considerably 

modified. The modified simulation domain (80 µm height (y-axis) and 100 µm width 

(x-axis)) included a part of the glass substrate (assuming its refractive index nsub = nv 

= 1.46) underneath the CSs, as shown in Fig. 3.4. Here, the SBC was applied to the 

input boundary at the bottom, where a plane wave, of 90 µm size (centered at x = 0), 

was launched. The relevant GP and Aula CSs were separately imported and placed 

above the substrate, having either their outer or inner face upward. It should be 

noted that the transmitted wave across the glass substrate has an average strength 

value ENorm,back ≈ 1.185 V/m (larger than Einput), as it is launched from a higher 

refractive index medium (of nsub) to be transmitted in air (of na), where the 

transmission coefficient t = 2*nsub/(na + nsub), under normal incidence. 

 Although the illumination used in the experiment has a very large spectral 

width (i.e., covers a wide range of wavelengths including visible light), the CMOS 

camera used for imaging has its maximum quantum efficiency in the range of 470-

520 nm (see section 8.7 in [264]). Therefore, the experimental results could primarily 

be compared to the simulations approximately at λvacc = 500 nm. Both polarizations 

of E field (out-of-plane and in-plane) were considered in the simulations.  

After computation, 2D images displaying the distribution of ENorm within the 

simulation domain were obtained, with a strength scale (0.185 to 2.185 V/m) 

depicted with a color code ranging from blue (ENorm < ENorm,back) to white (ENorm = 
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ENorm,back) to red (ENorm > ENorm,back). Such color code was chosen to elucidate the 

constructive and destructive interference induced by the CSs above the substrate. 

Where relevant, 2D ENorm profiles were extracted by creating 2D cutlines at precise 

positions in the simulation domain above the CS. The obtained ENorm profiles (named 

ENorm,CS) were normalized to ENorm,back (i.e., ENorm,CS/ENorm,back) to obtain a comparable 

result to the experiment, where also the extracted line profiles were normalized to 

the background during analysis (see subsection 3.3.1). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4. The simulation domain for the trans-illumination study. 

 

3.2.5. Simulation conditions for the SNOM study 

Here, the simulation domain and conditions were adapted to mimic the situation of 

SNOM measurements (see section 3.4). The 2D CSs were placed over a glass 

substrate (of nsub = 1.46) covered by a gelatine layer (of ngel = 1.54 [265], assumed to 

be 5 μm thick), as illustrated in Fig. 3.5. Note that, changing the thickness of gelatine 

layer (between 1 – 10 μm) found to lead to negligible changes in the average 

transmittance ENorm (in the range of ± 0.005 V/m). The simulations were carried out 

at two λvacc (532 nm and 808 nm), the same as the lasers’ wavelengths used in the 

measurements. 

In the illumination mode (Fig. 3.5a), the simulation domain has 25 µm height 

(y-axis) and 40 µm width (x-axis). The input wave (of Einput = 1 V/m) was initiated only 

from a small area (100 nm width) to mimic the aperture of the SNOM tip (obtaining a 

finite local illumination source). The influence of illuminating different parts of the 

CS, representing different areas of the valve, was investigated while having either 

the inner or the outer face upward. After computations, 2D images illustrating ENorm 

distribution within the simulation domain were produced, with a strength scale in 

the range of 0.0 to 0.5 V/m to show the tip-valve interaction. 
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In the collection mode (Fig. 3.5b), the simulation domain and conditions are 

similar to that of the trans-illumination study (the previous subsection). Here, the 

simulation domain has a reduced size (of 40 µm height (y-axis) and 100 µm width (x-

axis)), as only the optical near-field is relevant, which helped reduce the simulation 

time. In this case, the transmitted wave across the glass substrate and gelatine layer 

has an average strength value ENorm,back (≈ 1.187 V/m). No significant changes in 

ENorm,back were observed by changing the simulation domain size. Both polarizations 

(out-of-plane and in-plane) of E field were considered in the simulations. When 

relevant, the extracted 2D ENorm profiles at the optical nearfield of the CSs (named 

ENorm,CS) were normalized to ENorm,back to obtain a comparable result to the 

experimental results (see the analysis of the SNOM optical images in subsection 

3.4.1). 

 

 

  

 

 

 

 

 

 
Fig. 3.5. Simulation domain for two distinct SNOM modes; illumination (a) and collection (b). 
The position of the SNOM tip in the illumination mode was changing to illuminate different 
parts of the CS. 

  

3.3. Far-field optical microscopy 

Far-field optical microscopy is not only used to investigate the morphology of 

microscopic objects but can also show how light interacts with these objects. This 

approach has been used in the literature to study the light modulation capabilities of 

diatom valves (e.g. [137,139,140]). Here, far-field optical microscopy is used to 

investigate the diffraction-driven light-focusing abilities of diatom valves, employing 

two illumination techniques: trans- and side-illumination, as demonstrated below.  

 

3.3.1. Trans-illumination 

The trans-illumination is a standard used technique for optical microscopy, where 

the light propagates along the optical axis to reach the objective directly after being 
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transmitted through the sample. The trans-illumination measurements were carried 

out utilizing a trinocular optical microscope (Kyowa KN-50TC, Kyowa optics, Japan), a 

semi-plan 40x objective (NA 0.65, WD 0.38 mm) or 10x objective (NA 0.25, WD 8.57 

mm), and a grayscale CMOS camera (ARTCAM-500MI-BW-WOM, Artray, Japan) 

connected to a personal computer (PC) that records images via a home-written 

LabVIEW program. A tungsten-halogen lamp (20 W, 6V)—of a continuous spectrum 

that covers visible light and NIR wavelengths—was utilized as the illumination 

source, operating at its maximum intensity. In the microscope, the light was going 

through an Abbe condenser to be focused on the examined valves. The condenser’s 

vertical position, as well as the iris aperture, was adjusted to optimize the light cone 

reaching the valves on top of the glass slide, obtaining a beam of about 10 mm 

diameter. The transmitted light through the valve was collected by the objective, 

which directed the light to the grayscale CMOS camera through a standard tube (Fig. 

3.6a). The imaging parameters, including exposure and gain, were controlled via the 

home-written LabVIEW program. 

 

 

 

 

 

 

 

 

 

  

  

 

Fig.3.6. Sketches showing the experimental setup of the (a) trans- and (b) side-illumination 
technique. In all cases, the light cone and the objective are much larger than the size of the 
studied valves.  
 

All experiments were conducted in air and a dark room (i.e., without an 

external light source). For each measurement, the microscope focal plane was 

adjusted to the best focus of the valve z0, at which the striae and other structural 

features of the valve were resolved (if possible). It should be noted that there was a 

slight uncertainty in the actual z0 position due to the 3D structural complexity of 

some valves, such as the Acto valve. Thereafter, a z-scan was carried out by manually 

moving the microscope stage away from the objective (i.e., defocusing) using the 

microscope fine knob at fixed steps (z-steps) in order to collect information at 

different 2D focal planes in the vicinity of transmittance above the valve (Fig. 3.6a). 

The 2D images collected by this method could provide valuable information on the 



 

49 
 

light modulation capabilities of diatom valves (including diffraction-driven focusing), 

considering only the propagating fields that can be observed in the far-field and with 

the Abbe diffraction limit. The height of the minimal z-step that can be achieved by 

the fine knob was calibrated against a mechanical stage of high-resolution z-steps (1 

μm/step) and was found to be approx. 1.4 μm ± 0.1 μm. The minimal steps (approx. 

1.4 ± 0.1 μm) were used to study the small valves, while larger steps (approx. 7.0 ± 

0.5 μm) were used for the larger valves. In some cases, the camera saturation was 

reached for a given valve. In this case, the exposure value was reduced (via the 

LabVIEW program) to reveal the required information (see, for example, Fig. A.4 in 

Appendix A), while keeping the light intensity fixed. Finally, the obtained raw images 

were used for analysis without processing. 

  

Analysis of the obtained images 

For each studied valve, a set of grayscale images (representing different zi planes) 

was obtained per measurement while tracking the diffraction-driven focusing 

behavior. These images were imported to ImageJ software, and their actual 

dimensions were specified in micrometers. A selected line profile across the focal 

spot/area was extracted at each focal plane zi, showing the grayscale intensity I 

across that line (e.g., Fig. A.4b). The average background grayscale value was 

extracted from areas in the image outside the valve. The focal plane showing the 

maximum focusing was determined by comparing the grayscale intensity of the 

focusing spot/area at different zi. The extracted line profiles were imported to Igor 

Pro software, where they were normalized to the corresponding background to 

obtain the normalized grayscale intensity INorm (of relative grayscale values, Relative 

G.S.), which was now independent of illumination and camera settings.  

   

3.3.2. Side-illumination 

The term ‘side-illumination’ refers to the illumination technique employed in optical 

microscopy, where the illumination reaches the sample from the side (i.e., 

perpendicular to the optical axis of the objective). It can be considered a type of 

dark-field optical microscopy that is mainly used to image the scattered light by the 

specimen while excluding the non-scattered light, which gives the micrograph a dark 

background and enhances the contrast [266]. In regular dark-field optical 

microscopy, a dark-field condenser blocks the direct light (from the illumination 

source) from reaching the objective [266]. While, in the side-illumination technique 

employed here, there is no need for a dark-field condenser, as the light enters the 

image field perpendicular to the objective axis.   

This technique has been used in literature to investigate the diffraction-

driven focusing behavior (specifically PJ generation) of, for example, artificial 

dielectric microdisks [267,268] and microcylinders [269] as well as living cells [270] 
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and other biomaterials [271]. It should also be noted that this technique has also 

been applied to diatoms while briefly investigating the light interaction with the 

girdle bands of Coscinodiscus granii [42]. 

The experimental setup of the side-illumination technique is sketched in Fig. 

3.6b. The side-illumination experiments were carried out utilizing the same optical 

microscope and camera used in the trans-illumination study. The illumination was 

provided by a light-emitting diode (LED), fixed in a home-built LED box. The 

unpolarized light was guided from the LED box via an optical fiber (1 mm core, 

M71L01, Thorlabs, USA) connected to a collimator (F280SMA-850, Thorlabs, USA) to 

obtain a collimated beam of about 7 mm diameter falling onto the sample from the 

side. The optical fiber and the collimator were fixed on the x-y-z controllable stage of 

the microscope about 13 mm away from the objective’s optical axis. Unless 

otherwise stated, the beam was centered on the substrate plane with a 5° tilt from 

the top (i.e., ϴ is 85°). The 5° tilt helped to provide the maximum light intensity on 

the top of the substrate where the valves occur by reducing the shadowing effect. As 

this experimental setup is a home-built, its ability to reveal the diffraction-driven 

focusing was confirmed using a typical PJ generator (see section A.6 in Appendix A). 

All experiments were conducted in air and a dark room. A red LED (λmax ≈ 660 

nm) was utilized for most experimental work, including the comparisons between 

the distinct valves, as it has been found to give a more apparent diffraction-driven 

focusing beam/spot. For the wavelength-dependence study (in the case of Aula 

valves), two additional LEDs have been utilized, representing blue (λmax ≈ 470 nm) 

and orange (λmax ≈ 590 nm) colors. It should be noted that the trans-illumination was 

applied to visualize the valves before turning it off to capture the scattered field 

induced only by side-illumination. 

As already mentioned, the valves were imaged almost perpendicular to the 

propagation direction of incident light to capture mainly the scattered light fraction. 

Best images were obtained with a 5° tilt of the illumination source, although this 

leads to a probability that light will partially be reflected by the glass substrate and 

collected by the objective together with the scattered light. Nevertheless, the images 

of glass substrate without diatom valves are homogenously dark, which means the 

reflected fraction is negligible. By repeating the experiment on distinct substrates of 

different degrees of reflectivity (e.g., metal and plastic), it has been confirmed that 

the observed focusing behavior of the valves was independent of the substrate type 

underneath. Nevertheless, focusing spots/beams seem clearer on a glass substrate. 

Finally, unless otherwise stated, the obtained raw images were used without 

processing. 
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3.4. Scanning near-field optical microscopy 

All SNOM measurements were conducted by Professor Paul Fumagalli. The 

measurements were carried out in a dark room in the air using a home-built setup, 

located in AG Fumagalli, physics department, FU Berlin. The experimental setup is 

described in [272] in detail. Two illumination sources were employed in this study, 

including a frequency-doubled Nd:YAG laser and a diode laser, generating green 

(λexc= 532 nm) and NIR (λexc= 808 nm) laser lines, respectively. The SNOM probe is 

based on a multimode fiber (LovaLite, type E50, HPSC10 multimode fiber, France) 

that is coated with Aluminium while leaving a 100 nm aperture at its tip without 

coating. The substrates were fixed on an automatic high-resolution x-y-z stage, 

controlled by a home-written LabView program. In all measurements, the uncoated 

aperture was in contact with the valve surface (equivalent to AFM contact mode). 

The measurements were carried out by scanning the valve surface with the SNOM 

probe at a controllable speed to collect topographical and optical information at 

each pixel simultaneously. During the scan, the probe was adjusting its height on the 

z-axis, responding to the valve topography and geometry employing a feedback loop 

to keep the aperture and the valve surface in contact. The setup was operated in 

transmission configuration with the flexibility to change between illumination and 

collection modes (Fig. 3.7). 

  

  
 

 

 

 

 

 

 

 

 

Fig. 3.7. Sketches show the SNOM illumination (a) and collection (b) modes, while scanning 
the outer (at the top) or inner (at the bottom) valve faces. Note that the collecting lenses in 
(a) is much larger than the size of the studied valves. 
 

 In the illumination mode (Fig. 3.7a), the valve surface (outer or inner) was 

illuminated via the SNOM nanoaperture. In this configuration, the wave evanescent 
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from the nanoaperture can be coupled into the nanostructures of the valves. The 

transmitted light was collected by focusing lenses placed in the far-field. In the 

collection mode (Fig. 3.7b), the laser source (of a diameter larger than the valves’ 

size) was used to illuminate the sample, while the SNOM nanoaperture was 

collecting the light intensity distribution over the valve surface (i.e., near-field) pixel-

by-pixel via scanning.  

In all cases, the scanning speed, scanning area, and resolution (i.e., number of 

pixels per scan) were adjusting to explore different features. It should be noted that 

the scanning time sometimes reached a few days per scan to obtain high-resolution 

results. The collected light at each pixel was guided through the optical fiber and 

dispersed on a fiber optic spectrometer (AvaSpec-ULS2048, Avantes) to obtain the 

photon counts for each wavelength across the full spectrum. The final optical images 

were extracted from a home-written LabView program by integrating the photon 

count of the wavelengths in a window covering about 90% of the laser line width. 

Simultaneously, shear-force images were also extracted for each scan showing the 

topography of the scanning area. 

 

3.4.1. Analysis of the SNOM optical images 

The extracted optical images were obtained in Tag Image File Format (TIFF) format. 

The processing and analysis of the extracted images were carried out, respectively, 

via Gwyddion (version 2.63) and ImageJ software. In the analysis, the average 

background intensity Ibackground, accompanied by a standard deviation value 

associated with the noise in the background, was estimated from areas outside the 

diatom valve in the raw image (e.g., the dashed circles in Fig. 3.8).  

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.8. An example of the extracted SNOM optical images showing GP outer valve face in 
the collection mode at green laser. The Ibackground was estimated from the dashed circles, 
while the dashed line represents an example of the extracted line profiles. 
 

Different features were analyzed in the optical images by extracting a line 

profile showing the light intensity distribution Iline_profile across this line. The extracted 
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line profiles were imported into Igor Pro software, where they were normalized to 

the average background intensity to obtain the normalized line profile (INorm = 

Iline_profile/Ibackground).  

 

3.5. Diatom-based SERS hybrid substrates 

3.5.1. Hybrid substrates preparation  

The hybrid substrate consists of clean diatom valves (dispersed on a clean glass 

substrate) and is coated with an ultrathin gold layer (plasmonic material). In order to 

obtain a homogenous ultrathin gold film over the silica surface of diatom valves as 

well as on the glass substrate, a molecular adhesive self-assembled monolayer (SAM) 

was applied (Fig. 3.9) before gold deposition, following a similar method to that 

described in Stec et al. [273]. 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. 3.9. A Sketch briefly showing the steps for the self-assembled monolayer (SAM) 
formation. 
 

Briefly, the silica surface of the obtained valves’ monolayers (as well as the 

glass substrate in the areas uncovered with valves) was activated via a plasma 

cleaner (Harrick PDC-32G, USA) employing a Radio Frequency (RF) generator (≈ of 10 

MHz) to generate and excite the plasma in a low-pressure air atmosphere. The 

device was operated at its mid-power for 10 min. This step was critical to activate 

and increase the density of free silanol groups (Si-OH) on the silica surfaces. 

Thereafter, the substrates were transferred into a vacuum desiccator, where an 

Eppendorf filled with about 80 µl of (3-mercaptopropyl)trimethoxysilane (MPTMS) 

was opened to produce its vapor after pulling the air from the desiccator using a 

rough vacuum pump for about 40 min. The samples were left in these conditions for 

three days to ensure that the MPTMS vapor formed a monolayer over the siliceous 

substrates.  
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The substrates, activated with SAM monolayer, were transferred into a 

Physical vapor deposition (PVD) chamber (KJLC Nano 36, located in a clean room at 

AG Bolotin, physics department, FU Berlin) immediately after releasing the vacuum 

inside the desiccator using dry nitrogen. The substrates were fixed tightly inside the 

deposition chamber (Fig. 3.10), and then a high vacuum of 10-6 Torr was obtained 

using a turbomolecular pump. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10. A sketch briefly shows the Physical vapor deposition (PVD) chamber. 

 

The gold deposition was conducted using a thermal evaporation technique 

with an evaporation rate of 0.1 Å/s, reaching a final thickness of 100 Å (= 10 nm). The 

evaporation parameters (including the rate and power) were controlled via an 

electronic monitor integrated into the device. The shutter helps protect the 

substrates while heating gold before having a stable evaporation rate. The gold film 

thickness was estimated using an integrated quartz crystal microbalance. After 

deposition, the vacuum was released, and the hybrid substrates were stored in a 

clean, dry place till further use.  

Finally, it should be noted that a reference substrate was fabricated with the 

same methodology but without the diatom valves’ monolayer.  

 

3.5.2. Characterization of the obtained gold film 

The scanning electron microscopy (Hitachi SU8030, Japan) was carried out by Dr. 

Martina Gilic to investigate the ultrastructure of the deposited gold film over glass 

substrate as well as diatom valves using a secondary electron detector and an 

acceleration voltage of 15 KV. Professor Louisa Reissig and Dr. Martina Gilic carried 

out a further characterization for the reference substrate (i.e., without diatom 

valves) using atomic force microscopy (AFM, located at the Institute of Physics, 

Belgrade, Serbia) and UV-Vis spectroscopy. The mechanical stability and adhesion of 

the ultrathin film to glass substrates were tested using a scotch tape test.  
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3.5.3. SERS measurements and analysis 

All Raman measurements were carried out together with Dr. Martina Gilic. A 

confocal Raman microscope (Horiba XploRA, located at AG Reich, physics 

department, FU Berlin), operating in a backscattering configuration and equipped 

with a charge-coupled device (CCD) camera, was used for SERS measurements. 

Rhodamine 6G (R6G) was utilized as a probe molecule. For the measurements, about 

7 µl of R6G dissolved in ethanol (of concentration 1 mM) was dropped on top of the 

gold film and left to dry under ambient conditions. Using ethanol as a solvent helps 

to distribute R6G relatively well over the substrates, thus, obtaining more 

comparable and reproducible results. Before measurements, calibration of the 

spectrometer was carried out using a silicon substrate, which has a characteristic 

Raman band at 520 cm-1. 

In the measurements, the spectra were acquired using the following 

parameters: a red excitation laser of λexc = 638nm, 1% power filter, pin-hole size of 

300 μm, slit size of 50 μm, 1200 lines.mm-1 grating, a spectral range of 500 – 2100 

Cm-1, and 100x objective lens (NA 0.9). The excitation laser polarization was set to be 

horizontal. These parameters were selected after optimization to maximize the 

signal-to-noise ratio (SNR) and minimize the background obscuring the signal as 

possible. The green excitation laser (λexc = 532 nm) was unsuitable for the 

measurements as it showed a strong photoluminescence background, which 

obscured the signal. The spectra were monitored and recorded by LabSpec software. 

All measurements were carried out in air with an integration time of 15 seconds and 

averaged over 5 accumulations, while applying an automatic flat correction. 

Moreover, SERS mapping was carried out by scanning selected areas with a 

resolution of 1 μm/step in the case of Aula (or 0.5 μm/step in the case of CR and GP) 

and an integration time of 1 s per step.   

Finally, further data analysis was carried out by importing the obtained 

spectra into Igor Pro software to determine different R6G vibrational bands and 

compare the distinct substrates. 
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The results and discussions shown in this chapter have already been published in:  

Ghobara, M.; Oschatz, C.; Fratzl, P.; Reissig, L. Numerical Analysis of the Light Modulation by 
the Frustule of Gomphonema parvulum: The Role of Integrated Optical Components. 
Nanomaterials 2023, 13, 113, https://doi.org/10.3390/nano13010113. Used here under 
terms and conditions of the Creative Commons Attribution (CC BY 4.0) license 
(https://creativecommons.org/licenses/by/4.0/).  
 

 

 

This chapter aims to expand the knowledge on the light modulation capabilities of 

diatom frustules by concentrating on small pennates, which form a large and diverse 

group often underrated in such studies. The frustule of biraphid pennate GP is used 

here as a model. Moreover, a novel analytical approach was employed to enhance 

the understanding and minimize computational costs by (i) reducing the complex 3D 

structure (the complete valve or frustule) into 2D cross-sections and, further, by (ii) 

disassembling the distinct optical components. This approach helps to understand 

the overlapping optical phenomena and reveals the role of integrated optical 

components within the solar spectrum range. Furthermore, by investigating the 

influence of different structural parameters (using analytical models) as well as 

refractive index contrast on the observed phenomena, this study opens the door for 

predicting the light modulation by other pennate frustules of similar structure but 

different dimensions. 

 

4.1. Structural analysis of the GP frustule 

GP is a benthic asymmetric biraphid pennate species. It is widely distributed in 

various aquatic ecosystems, mainly freshwater ecosystems, and has several varieties 

that differ, to some extent, in shape and size [274,275]. The frustules of the studied 

GP strain (Fig. 4.1 and Table 4.1) are of elliptic to ovate shape (length Lv, width Wv) 

consistent with the previous structural description of some GP strains reported in 

[274]. 

The two valves, epivalve and hypovalve, have a face of thickness Dv, a curved 

mantle (i.e., an elevated edge of the valve) of height hM and width WM, and are 

connected by girdle bands (approximately four). The face of each valve is divided by 

a raphe slit (length Lra, width Wra), which lies in a thickened area along the apical axis 

of the valve called the sternum with a maximum thickness DS and a half-width ⅟₂WS. 

 

Numerical analysis of the light modulation by the 

valve/frustule of Gomphonema parvulum 
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The raphe slit is interrupted at the zone of the central nodule, dividing it into two 

slits with a spacing dra. The nodule (Lnod, Wnod), which is not placed precisely in the 

center along the apical axis but shifted by about 0.18 µm towards one side, is a 

dome-shaped area that appears in the inner valve face and reaches a maximum 

thickness Dnod. At the valve apexes, where the raphe slits end, the sternum slightly 

increases its thickness at the inner face, sometimes merging with the mantle, which 

could also be associated with the presence of apical nodules [17]. On both sides of 

the sternum (or nodule), rows of punctate areolae (i.e., pores) with a spacing of da, 

so-called striae, extend towards the mantle. The striae occur after the sternum or 

the nodule except for a single stria at the nodule zone shortened by 1 µm that gives 

the valve, along with the shifted position of the nodule, the asymmetry. The striae 

are slightly bent or tilted (Fig. 4.1) with an average striae spacing expanding from 

dstr,min to dstr,max, resulting in about 13 visible striae per valve. The areolae are visibly 

smaller on the outer face of the valve compared to the inner face, with diameters of 

2ra,ext and 2ra,int, respectively. The areolae are further covered with so-called flab-like 

pore occlusions (of a predicted thickness of Docc ≈ 0.02 µm), leaving a crescent-like 

slit, reaching a width of Wocc. 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 4.1. Light microscopy of GP living cells (a), SEM of the outer valve view (b), FIB-SEM slice 
showing cross-sections of two individual cells (c), and 3D reconstruction of the frustule 
showing valves in red and girdle bands in white (d). Some structural features are illustrated 
in (b), including: costae (i), striae (ii), a shortened stria (iii), punctate areola covered with a 
flab-like occlusion (iv), nodule zone (v), striae spacing max (vi)/min (vii), sternum (viii), raphe 
slit (ix), and the apical axis (x). This Figure is reproduced from Ghobara et al. [261], and is 
adapted from a figure provided by Dr. Cathleen Oschatz. 
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Statistical analysis shows that all studied valves are of comparable dimension, 

with structural parameters varying by less than 10% (Table 4.1). The only exceptions 

(with deviations up to 17%) are the thickness of the sternum Ds, as well as the width 

Wra and spacing dra of the raphe slit, the mantle height hM, and the width of pore 

occlusion slit Wocc. With the exception of Ds and Wocc, these parameters display 

dominant dXext, indicating a relatively large variation between valves. This is also the 

case for the thickness of the nodule zone Dnod, the valve length Lv and width Wv, and 

raphe slit length Lra but with a dXext up to 5%. Interestingly many of these parameters 

are found not to influence the obtained interference patterns significantly. In 

contrast, structural parameters describing the dimensions and spacing of the areolae 

(2ra,ext, 2ra,int, and da), striae spacing (dstr), and the thickness of the valve Dv display a 

comparably small variation between valves, evident by their dominant dXint of up to 

7%. These are the parameters that can dramatically change the interference patterns 

in the simulations (see below).  

 
Table 4.1. Statistical analysis of the structural parameters of GP valves (weighted mean, 
internal and external errors—the bold print indicates the significant error—and its precision 
in %). This table is reproduced from Ghobara et al. [261]. 

Parameter Description Xw (µm) dXint (µm) dXext (µm) Precision (%) 

Lv Valve length 7.1 0.006 0.2 3 

Wv Valve width 4.59 0.006 0.07 2 

Dv Thickness of the valve 0.17 0.01 0.004 6 

Dnod Thickness of the nodule 
zone 

0.38 0.009 0.02 5 

Wnod Width of the nodule zone 0.86 0.03 0.02 4 

Lnod Length of the nodule zone 1.568 0.002 0.002 0.1 

DS Maximum thickness of the 
sternum except the 

nodule zone 

0.26 0.03 0.01 12 

⅟₂Ws Half-width of the sternum 0.32 0.02 0.01 5 

Lra Raphe slit length 5.8 0.006 0.2 3 

Wra Raphe slit width 0.023 0.0004 0.004 17 

dra Raphe slit spacing at 
nodule zone 

0.54 0.004 0.06 11 

dstr,min/ 

dstr,max 

Striae spacing (center to 
center) 

0.49 / 0.57 0.03 / 0.02 0.02 / 0.01 6 / 4 

da Areolae spacing (center to 
center) 

0.214 0.008 0.006 4 

2ra,ext Areolae diameter (2x 
radius) outer face 

0.100 0.007 0.002 7 

2ra,int Areolae diameter (2x 0.15 0.01 0.008 7 
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The fine structure of the girdle bands is not studied in detail, as they are 

comparably simple and do not contain structural features relevant to the light 

propagation apart from their width, height, and spacing, which are estimated as 

Wgirdle = WM, Hgirdle = 2.84 µm, and dgirdle = 10–50 nm, respectively. This is in contrast 

to the girdle bands of some larger species, such as Coscinodiscus spp., in which their 

porous structure dramatically influences the light propagation [125] and, thus, has to 

be considered during simulations of the whole frustule.  

It should also be noted that finer structural features, such as the undulations 

on the silica or apical pore field, are also not considered in this study, as these do not 

fall into the length scales close to the studied λvacc range and are assumed not to be a 

determinant to the obtained near-field interference patterns.  

Furthermore, the content of elements in the silica (available through energy-

dispersive X-ray (EDX) mapping analysis) should be considered in the future, as 

additives can lead to spatial changes in nv(x,y,z) similar to what has been reported for 

some pennate valves in Soto et al. [263]. Changes in nv could significantly influence 

light propagation, especially in a low-contrast medium. However, the general trends 

and features seen here should also then be relevant. 

 

4.2. Numerical analysis of the 2D cross-sections—the role of 
optical components 

All studied CSs show structural features in the length scales of visible light and 

induce an interference pattern in the near-field and Fresnel regime zone, as is 

evidenced by the red and blue areas (e.g., Fig. 4.2). 

It is evident that distinct structural features in the CSs induce a specific 

contribution to the interference pattern. Patterns of structurally complex CSs can be 

explained by the addition of interference patterns of “their distinct structural 

components” (e.g., Fig. 4.3), such as slab-like, lens-like, grid-like, and fiber-like 

structures. The near-field interference patterns of such components can often be 

predicted by theory, e.g., the thin-film interference of thin slabs or guided-mode 

resonance of grid-like structures (see below). Therefore, a range of optical 

phenomena occurring in the CSs featuring these specific structural components were 

studied separately. It should be noted that the presence or absence of pore 

occlusions in CSs with a grid-like structure did not show a significant effect on the 

radius) inner face 

hM Mantle height 0.58 0.004 0.08 14 

WM Mantle width 0.184 0.009 0.004 5 

Wocc Width of the pore 
occlusion slit 

0.017 0.002 0.002 12 
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near-field interference pattern either in the longitudinal or vertical CSs (see, e.g., Fig. 

4.2). Therefore, pore occlusions are not considered in further discussions. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.2. The effect of pore occlusions on the interference pattern of CSlong,4 and CSver,1 at 
λvacc= 350 nm. The blue, red, and white colors of the color code indicate ENorm < 1 V/m (a 
reduction in strength), ENorm > 1 V/m (an increase in strength), and ENorm = 1 V/m (ENorm,input), 
respectively. This Figure is reproduced from Ghobara et al. [261]. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3. The complex interference pattern observed in CSlong,3 at λvacc= 350 nm, at the left. 
The disassembling of its distinct structural components shows the contribution of each 
element to the interference pattern. The color code is given in V/m units. This Figure is 
modified from Ghobara et al. [261].  
 

The idea of “building” the CSs through the addition of optical components is 

sketched in Fig. 4.4 (see also all CSs in Fig. 3.1, Chapter 3). The simplest form of a 
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longitudinal cross-section (CSlong,5 or CSlong,7, which differ in length) is similar to a thin 

slab of corresponding thickness (A in Fig. 4.4) with curved and extended edges (B in 

Fig. 4.4). Slicing the valve across the areolae of consecutive striae leads to the 

addition of a grid-like structure with spacing dstr (CSlong,4 or CSlong,6, which differ in dstr 

and length (i.e., grid units)). The presence of 1 µm shortened stria on one side of the 

valve leads to a defect in the grid-like structure that appears in CSlong,4*. It should be 

noted that the areas between the areolae have a plano-convex lens-like structure (C 

in Fig. 4.4) corresponding to the shape of the costae (i.e., the ribs). When 

approaching the center of the valve, the grid is interrupted by the presence of the 

nodule zone, adding a larger plano-convex lens-like structure (D in Fig. 4.4) slightly 

off-center to the grid (CSlong,3). As soon as the sternum zone is approached, the grid-

like structure disappears, but the overall thickness of the CS increases (CSlong,2). 

Slicing directly along the apical axis, the slab-like structure is further cut by the raphe 

slits, leaving a CS featuring only a lens-like structure in the center and two curved 

edges (CSlong,1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4. A schematic diagram illustrates the idea of “building” CSs by adding different optical 
components. (A) A thin-slab element, (B) a curved, fiber-like structure, (C) a grid unit of lens-
like structure, (D) lens-like structure, (E1 and E2) increased thickness with and without the 
raphe slit, respectively, (F) triangular-like structure, (G) the grid-like structure in vertical CSs, 
(H) four rectangular, fiber-like structures. This Figure is adapted from Ghobara et al. [261]. 
 

In the case of vertical CSs, the thin-slab elements with curved elongated 

edges (similar to, e.g., CSlong,5) are divided at the center either by adding the sternum 
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(with or without its slit, E1 or E2 in Fig. 4.4, respectively) or the slightly thicker nodule 

zone (F in Fig. 4.4) of a triangular-like structure (CSver,4/CSver,5 or CSver,2, respectively). 

It should be noted that the raphe slit in these structures, which only leads to an 

interruption of around 23 nm between the two parts, does not lead to significant 

changes in the near-field interference pattern. In all cases, the thin-slab area in the 

vertical CSs on both sides of the raphe or nodule can be further divided by a grid-like 

structure (G in Fig. 4.4) with spacing da of varying length (CSver,3 or CSver,1, 

respectively) corresponding to the slicing of the areolae within one stria. 

It should be noted that the width of the curved and elongated edge varies 

slightly between the CSs depending on the position of slicing within the mantle 

(0.184 µm ≤ WM,CS ≤ 0.334 µm). Adding girdle bands to both sides of the CSs (while 

building 2D CSs across the complete frustule) further elongates the edge by adding 

these fiber-like structures (H in Fig. 4.4).  

In general, the existence of the thin-slab elements leads to the occurrence of 

two distinct interferences: (i) thin-film interference and (ii) edge diffraction, 

overlaying in the transmittance region. The existence of fiber-like structures—the 

mantle and, additionally, the girdle bands in the complete frustule—leads to (iii) 

waveguiding behavior, which affects the corresponding edge diffraction pattern. 

Moreover, the finite size of the CSs, or the presence of thickened protruding 

structures associated with the cutting of the nodule zone or the sternum, results in 

increased interference between the transmitted and the diffracted waves from two 

(or more) edges. This leads to additional phenomena: (iv) diffraction-driven focusing 

and, further, (v) photonic jet generation in the transmittance. Furthermore, the grid-

like structures lead to (vi) a characteristic diffraction grating behavior as well as (vii) 

guided-mode resonance, which leads to dramatic changes in the interference 

pattern at a specific range of wavelengths. 

  

4.3. The Observed Optical Phenomena: Description and 
Analysis  

All cross-sections can modulate light effectively, and generally, the modulation 

strength is strongly dependent on λvacc and ∆n. As mentioned, a number of distinct 

optical phenomena were observed and correlated to the optical components in the 

CSs. Here, these phenomena are separately demonstrated, accompanied by the 

theoretical expectation, elucidating the role of the corresponding structural 

parameters where necessary. 

 

4.3.1. Thin-Film Interference 

The theoretical calculations—performed using [276], which calculate the reflectance 

(R) and transmittance (T) based on the complex Fresnel equations—show that for a 
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slab of thickness Dsl = Dv = 170 nm and refractive index nsl = nv = 1.46 embedded in 

air, the intensity of the reflected light is maximal at λvacc ≈ 330 nm (and approaching 

the second maximum in the NIR), while destructive interference occurs at λvacc ≈ 495 

nm (dashed lines in Fig. 4.5a) under normal illumination. This means that the 

amount of light, which transmits through the thin-slab element of the valve, is 

attenuated for UV wavelengths, while the green wavelengths are largely unaffected 

by thin-film interference effects. In contrast, the interference pattern of thin-slab 

element of the sternum (Ds = 260 nm) shows an attenuated transmission at λvacc ≈ 

305 nm and 505 nm, while the element at the nodule zone (Dnod = 380 nm) mostly 

affects transmission around λvacc ≈ 320 nm, 445 nm, and 740 nm (dashed lines in Fig. 

4.5a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5. (a) The plots show the extracted E2
Norm,R and E2

Norm,T of CSlong,5 and CSlong,2 compared 
to the theoretical calculation for the studied λvacc range. The estimated error in the extracted 
ENorm is up to ± 0.006 or ± 0.01 V/m in CSlong,5 or CSlong,2, respectively. The extraction method 
of ENorm,R and ENorm,T from the simulation domain, as well as the error estimation, is 
illustrated in Fig. 4.6. (b) CSlong,5 shows the maximum constructive interference at reflectance 
(λvacc = 330 nm); the black arrow indicates the formation of non-physical standing waves 
between the reflected and the incident wavefronts. This Figure is modified from Ghobara et 
al. [261]. 
 

As illustrated in Fig. 4.5a, the dependency of the reflectance and 

transmittance intensity of the CSs with thin-slab elements on λvacc is in good 

agreement with theoretical calculations, which agreed with the expectation from 
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thin-film interference theory. However, it should be noted that extracting the data 

points from the complex interference pattern in the near-field of CSs is not trivial. In 

the case of reflectance, the formation of a seemingly standing wave in the ENorm 

presentation is caused by the interference of the reflected and the incoming waves 

(see Fig. 4.5b). This makes the ENorm value strongly position-dependent. The strategy 

illustrated in Fig. 4.6 was followed to overcome this problem and to minimize the 

edge diffraction effects.  

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 4.6. An example shows the interference pattern of CSlong,5 at λvacc 330 nm (a) and 495 nm 
(b), alongside the extraction method of ENorm,R that shows the maximum (c) and minimum (d) 
reflectance. The reflectance and transmittance should produce a flat wavefront, confirmed 
through the simulation of an extended thin slab (of Lsl 80 µm in a larger simulation domain). 
Therefore, the oscillations that appear in the extracted reflectance in (c and d) were 
associated with edge diffraction. Thus, to read out the CSs’ reflectance and transmittance 
with the presence of overlayed edge diffraction, the position of the baseline was estimated 
(associated with the expected flat wavefront) as an average between the maxima and 
minima in the observed oscillations (dashed black line in c and d). The error in the 
measurements was estimated by averaging the extracted ENorm from three consecutive x-
lines close to the CS. Squaring the ENorm—after the subtraction of Einput from the extracted 
ENorm only in the case of reflectance—gave the best match to theoretical calculations (e and 
f). This Figure is reproduced from Ghobara et al. [261]. 
 

Moreover, as the theoretical calculations expect the intensity of the 

reflectance and transmission, squaring the extracted ENorm values was required to 

obtain a match between both the shape and magnitude of the reflectance and 

transmission spectra (Figs. 4.6e and f, respectively). It should be noted that—using 
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the method described in Fig. 4.6—ENorm,R and ENorm,T values associated with the 

sternum of CSlong,2 were extractable, while this was not the case for the nodule zone 

due to its finite length (Lnod). Despite that, the expected constructive and destructive 

maxima of the nodule zone were observed in the simulation results.  

Furthermore, the influence of changing the slab thickness Dsl, the refractive 

index of CS nv, or surrounding medium nm on the reflectance and transmittance was 

studied and found to be in good agreement with the theoretical calculations and the 

expectations from thin-film interference theory (see section A.7, Appendix A). 

 

4.3.2. Edge diffraction 

For an optically transparent thin slab, the characteristic pattern of edge diffraction 

results from the interference of the secondary wavelets generated at each edge and 

the incident wavefront above the edge or the transmitted wave through the slab 

[277]. The generated edge diffraction pattern includes bright fringes alternating with 

dark fringes, which appear in our simulation domain—on the y-axis—above and 

below the edge, as in the case of a rectangular thin slab of length Lsl = 20 µm, Dsl = Dv, 

and nsl = nv (Fig. 4.7a). 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 
 
Fig. 4.7. A thin slab of 20 µm length (a), Sana,long5 (b), CSlong,5 (c), and CSlong,7 (d) at λvacc = 300 
nm in the air. The black and blue arrows in (a) indicate the edge diffraction fringes outside 
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and inside the transmittance region, respectively. The insets in (a) to (c) are a zoom of the 
edge region. The color code is given in V/m units. This Figure is modified from Ghobara et al. 
[261]. 
 

By reducing Lsl of the thin slab (approaching the length of CSs), the secondary 

wavelets produced at the two opposite edges increasingly interfere with each other 

inside the transmittance region. This can be seen in the case of Sana,long5 (i.e., a 

rectangular thin slab equivalent to CSlong,5 but with straight edges (Fig. 4.7b)), CSlong,5 

(Fig. 4.7c), and CSlong,7 (Fig. 4.7d). This disturbs the characteristic fringes of the edge 

diffraction, leading to a diffraction-driven focusing and, further, a photonic jet 

generation that is discussed separately (see below). 

Moreover, unlike Sana,long5, where the diffraction occurs at straight edges, the 

edge diffraction in CSs involves curved edges (i.e., the mantle). In this case, 

additional secondary wavelets produced from the infinitesimal points at the curved 

part fronting the incident wave will also contribute to the edge diffraction pattern 

[278]. Additionally, the tilt of the curved edges with respect to the thin-slab element 

(ϴM ≈ 70°) leads to further changes to the edge diffraction pattern compared to a 

non-tilted edge. The effect of tilt is evident when comparing the edge diffraction 

pattern of a thin slab equivalent to the mantle dimensions (Sana,M) in a tilted position 

(Fig. 4.8a) vs. a non-tilted position (Fig. 4.8b). 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8. Tilted Sana,M in (a) compared to non-tilted position in (b) at λvacc 300 nm in air. The 
edge diffraction fringes in CSlong,5 (c) and Sana,long5 (d) at λvacc 300 nm in the air. The plot in (e) 
shows the dependency of the edge diffraction fringes strength on λvacc alongside the changes 
in the ENorm,in and ENorm,out for CSlong,5, CSlong,7, and Sana,long5. While the plot in (f) shows the 
difference in ENorm,in/ENorm,out ratios. The Crosses in (c) and (d) represent examples of the x-y 
positions considered for ENorm extraction that are plotted in (e). The error was up to ± 0.07, ± 
0.05, or ± 0.03 V/m in the case of CSlong,5, CSlong,7, or Sana,long5, respectively. The error in the 
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measurements was estimated by averaging the extracted ENorm from three consecutive 
points at the same fringe. This Figure is modified from Ghobara et al. [261]. 

 

The influence of tilted curved edges on the CSs’ edge diffraction fringes—

which involve waveguiding behavior (see below)—becomes evident when comparing 

the bright fringes outside and inside the transmittance region of the CSs if compared 

to those of Sana,long5. This modulation includes: (i) increasing ENorm of some fringes 

while decreasing others (Fig. 4.8c vs. 4.8d, see also Fig. 4.8e), and (ii) a spatial delay 

of the inside diffraction fringes (clear for the first and second fringes in Fig. A.8a vs. 

b, Appendix A). In all cases, the ENorm of diffraction fringes decreases with increasing 

λvacc (Fig. 4.8e, and further visualized in Fig. A.8), as expected from the Fresnel–

Kirchhoff integral. 

 

4.3.3. Waveguiding behavior 

The contribution of the fiber-like components (i.e., the mantle and girdle bands) to 

the interference pattern of CSs is complicated due to their waveguiding behavior. 

These components are of dimensions comparable to λvacc (considered as the core), 

and if embedded within a homogenous medium of lower refractive index 

(considered as the cladding), a symmetric waveguide behavior would be expected 

[212]. As can be understood from subsection 2.3.5 (Chapter 2), when a plane wave 

illuminates the waveguide with ϴinc < ϴacc of the fiber-like components, it can be 

coupled inside. The coupled light within the waveguide propagates in discrete 

modes, and the number of supported modes depends on the waveguide width Wwg 

and λwg [212]. In all cases, the zero mode can be supported within the waveguide 

regardless of its Wwg and λwg [212]. 

Fig. 4.9a shows a stationary-wave-like interference pattern inside a 

rectangular slab similar to Sana,M but of 2 µm height, which may indicate waveguiding 

behavior as appears in our simulation domain. This is also observed in Sana,M (Figs. 

4.8a and b), although its limited height (hM = 0.58 µm). 

Moreover, as shown in Fig. 4.9b, by approaching the structure of a cross-

section across the complete frustule via adding four girdle bands (Hgirdle, Wgirdle)—two 

adjacent to the epivalve and the other two adjacent to the hypovalve with a step 

difference equaling Wgirdle on the y-axis and a spacing dgirdle = 10 nm on the x-axis—

the waveguiding behavior was further modulating the edge diffraction fringes. This 

includes an additional spatial delay, especially of the inside fringes (indicated by the 

black arrows in Figs. 4.9b and c). It should be noted that a weak coupling of the 

guided wave between the closer and further girdle bands is noted in the air (Fig. 

4.9b). In contrast, this coupling becomes strong in water at higher λvacc (Fig. 4.9c).     
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Fig. 4.9. A rectangular thin slab of 2 µm height and WM width in air (a), CSlong,5 with four 
girdle bands in air (b) and in water (c) at λvacc 550 nm. The zoom inset in (c) seemingly shows 
a coupling behavior of the guided wave in water that is not observed in air (b). The color 
code is given in V/m units. This Figure is modified from Ghobara et al. [261]. 
 

Furthermore, in most simulations carried out here, the incident wave falls 

onto the CSs’ outer faces. Alternatively, by rotating the CSs 180°, the incoming wave 

falls onto the CSs’ inner faces, reaching the mantle first and partially coupled inside 

(Fig. 4.10). As there are two opposite curved edges for each CS, the coupled waves at 

each edge extend to the rest of the CS and interfere together, leading to the 

characteristic interference pattern observed inside the CSs in Fig. 4.10. Such mantle-

coupled guided waves are observed across the whole studied λvacc range in air and 

appearing in all CSs. It is also accompanied by relatively stronger evanescence and 

simultaneous changes to the transmittance and reflectance interference patterns 

(Fig. 4.10).  
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Fig. 4.10. The mantle-coupled guided waves appear in CSlong,5 (a), CSlong,4 (b), and CSver,2 (c) in 
the air. The color code is given in V/m units. This Figure is reproduced from Ghobara et al. 
[261]. 

 

4.3.4. Diffraction-driven focusing behavior in the Fresnel zone 

As explained, a consequence of reducing LSl of the thin slab element is the arising of 

a distinct interference pattern with bright spots (considered as diffraction-driven 

focusing spots) alternating with dark spots in the transmittance, which are further 

influenced by the edge geometry and their waveguiding behavior in the case of CSs. 

This pattern (e.g., of CSlong,5 in Fig. 4.11a) is quite similar to the pattern of the 

transmitted light through an aperture (see Figure 1 in [279]). The intensity of these 

spots, as well as their size, depend on the diffraction fringes they involve. This is why 

the highest intense spots appear at the right-hand side of the interference pattern 

associated with the more intense diffraction fringes inside the transmittance region 

(e.g., Fig. 4.11a).  
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Fig. 4.11.  The interference patterns of CSlong,5 (a), CSlong,1 (b), and CSver,2 (c) at λvacc 300 nm in 
air. The interference pattern of Sana,long5 of Lsl = 1 µm at 330 nm in air (d). The considered 
focusing parameters are illustrated in (a). The color code aims to emphasize constructive 
interference, including the focusing spots and is given in V/m units. This Figure consists of 
modified and merged figures from Ghobara et al. [261]. 
 

Adding more edges to the CSs, for instance, in CSlong,1 (where two raphe slits 

representing four additional edges are introduced) or in CSver,1 and CSver,2 (where an 

increased thickness associated with the nodule is introduced at the center of CSs), 

leads to the presence of additional point sources—secondary wavelets—interfering 

with the transmitted wave. This leads to splitting the associated CS’s interference 

pattern into two separate but smaller patches of these spots, as can be seen in 

CSlong,1 (Fig. 4.11b) and CSver,2 (Fig. 4.11c). 

Moreover, three parameters can be considered to study each of these 

focusing spots, as illustrated in Fig. 4.11a: the focal length Zf (i.e., the distance 

between the CS and a selected focusing spot), its length Lf, and strength ENorm,f. It 

should be noted that, due to the presence of local variation in the strength of the 

diffraction-driven focusing spots, the ENorm,f of a selected spot was estimated by 

averaging the ENorm extracted from three consecutive positions at this spot, as 

illustrated in Fig. 4.11a (the dashed black lines in the zoom-in), and the associated 

standard deviation considered the corresponding error.  

With increasing λvacc, all these spots move toward the CS, decreasing Zf (e.g., 

Fig. 4.12b) and Lf (e.g., Fig. 4.12c) and fading in intensity (e.g., Fig. 4.12a), see further 

Fig. A.9 in Appendix A. It should be noted that in this case, ENorm,f of the spots is 

affected in this case by two factors: the reduction of the strength of the secondary 
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wavelets produced from the edges (as expected from the Fresnel–Kirchhoff integral) 

and the change caused by thin-film interference affecting the transmittance. In Fig. 

4.12a, the correlation between the transmittance intensity—calculated using [276], 

see subsection 4.3.1—and E2
Norm,f of the focusing spots is to some extent evident.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.12. (a) The dependency of the intensity E2
Norm,f of selected spots (the last larger and 

clearer focusing spot appeared at the optical axis of the CS within the simulation domain was 
selected for the measurement, e.g., the spot illustrated in Fig. 4.11a for CSlong,5) on λvacc 
compared to the theoretical transmittance spectrum (blue). The oscillation in the 
transmittance intensity due to thin-film interference seems to affect the intensity of these 
spots accordingly. The extracted ENorm,f has an error up to ± 0.02 V/m associated with the 
local variation in the strength of the selected spot. (b and c) The dependency of Zf and Lf of 
the same selected spots on λvacc in air, respectively. (d) The dependency of Zf of CSlong,5 on nm 
at nv = 1.46 and λvacc 330 nm. (e) The dependency of Zf of CSlong,5 on nv at nm = 1.00 and λvacc 
330 nm. (f) The dependency of Zf of Sana,long5 on Lsl in air at λvacc 330 nm. This Figure consists of 
modified and merged figures from Ghobara et al. [261]. 
 

Furthermore, increasing nm (for nv = 1.46), and, thus, decreasing Δn, leads to 

a significant increase in Zf (e.g., Fig. 4.12d) and Lf concurrently with a reduction in 

ENorm,f. This is not the case for changing nv (for nm = 1.00), where the changes in Zf 

(e.g., Fig. 4.12e) and Lf are relatively negligible.  

As this phenomenon is directly relevant to the distance between the edges; 

therefore, increasing LSl of Sanal,long5, and, thus, the distance between the generated 

secondary wavelets, dramatically increases Zf (Fig. 4.12f) and Lf while slightly 

decreasing ENorm,f. For a much larger thin slab, as the edge diffraction becomes 

insignificant again, this phenomenon becomes neglectable. Changing DSl (from 50 to 
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400 nm) of Sanal,long5 at λvacc 330 nm leads to negligible changes in Zf and Lf, while 

ENorm,f  increases from 1.04 V/m (DSl = 50 nm) to 1.38 V/m (DSl = 400 nm). 

From the observed edge diffraction and waveguiding behavior, it can be 

concluded that changing the edge geometry can dramatically affect these focusing 

spots; for instance, the increased WM,CS in CSlong,7 likely contributed to its increased 

E2
Norm,f if compared to that of CSlong,5 (Fig. 4.12a).  

 

4.3.5. Photonic Jet generation 

As demonstrated in subsection 2.3.3 (Chapter 2), the photonic jet (PJ) can be 

considered a type of diffraction-driven focusing. It is observed as a distinct focusing 

phenomenon in some CSs (all vertical CSs, CSlong,1, CSlong,2, and CSlong,3), linked to the 

presence of an increased thickness in the CS either by introducing the nodule zone 

(e.g., Fig. 4.13) or the sternum (e.g., Fig. 4.14a), which significantly affects the 

associated interference pattern. By separating the related optical components (e.g., 

CSver,2/nodule and CSlong,3/nodule in Figs. 4.13c and d, respectively), their correlation to 

this phenomenon becomes evident.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4.13. PJ generation in CSver,2 (a) and CSlong,3 (b) compared to the disassembled nodule 
zone CSver,2/nodule (c) and CSlong,3 /nodule (d) at λvacc 350 nm in the air. (e) The plot shows the λvacc 
dependency of ENorm,PJ of the PJ generated by CSlong,3 /nodule. The ENorm,PJ was estimated by 
averaging the ENorm extracted from three consecutive positions at around the PJ maximum, 
as indicated  in (d, the dashed black lines), and the associated standard deviation considered 
the corresponding error. The estimated ENorm,PJ has an error up to ± 0.009 V/m associated 
with the local strength variation. The color code is given in V/m units. This Figure is 
reproduced from Ghobara et al. [261]. 
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Moreover, it is expected from the previous work on PJ generation by artificial 

structures that the characteristic features of the PJ beam (i.a., the position, length, 

waist size, and maximum intensity) can be changed with changing parameters such 

as nv, nm, and incident λvacc, as well as the structure size [181,279]. As illustrated in 

Figs. 4.13e and 4.14b, the maximum strength of the PJ (ENorm,PJ) generated by 

CSlong,3/nodule decreases exponentially with increasing λvacc combined with a slight 

decrease in its distance from CSlong,3/nodule and an increase in its waist size. 

Furthermore, changing the refractive index contrast Δn by either varying nv (nm = 1) 

or nm (nv =1.46), but keeping nv > nm, leads to similar changes in the PJ parameters 

(Fig. 4.14c vs. d). Where the ENorm,PJ increases, its waist size decreases, and the 

distance to CSlong,3/nodule slightly decreases with increasing Δn. Similar trends were 

observed by Salhi et al. [279] that the PJ intensity decreases while its waist size 

increases with increasing λvacc (see Figure 6 in [279]) or reducing Δn (see Figure 5 in 

[279]).   

 

  

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Fig. 4.14. Photonic jet generation in CSver,4 at λvacc 350 nm (a), the λvacc dependency of the 
generated PJ by the disassembled lens-like structure (CSlong,3 /nodule) in the air (b), the ∆n 
dependency of the generated PJ by CSlong,3 /nodule at λvacc 300 nm while changing nv for nm = 1 
(c) or changing nm for nv = 1.46 (d). In both (c) and (d), the images were arranged to show ∆n 
increasing toward below. The color code is given in V/m units. This Figure is modified from 
Ghobara et al. [261]. 
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Furthermore, an intense beam observed inside the simulation domain for a 

Sanal,long5 of Lsl = 5 µm, appears as a PJ emerging after the diffraction-driven focusing 

spots within the transmittance region. By further reducing Lsl, the generation of PJs 

occurs very close to the surface of the rectangular slab (Fig. 4.11d), leaving no space 

for the formation of the diffraction-driven focusing spots, which could also be the 

case for PJ generation by the nodule or the sternum of small dimensions. This means 

that even the CSs without the increased thickness at the middle can generate a 

pronounced PJ if their length, thickness, and edge geometry enable it. 

  

4.3.6. Diffraction grating behavior in the Frensel zone: the Talbot effect  

The grid-like element in some CSs—as it is composed of optically transparent 

material—considers a transmission grating [163,280], where the diffraction orders 

mainly appear in the transmittance. As our simulations provide high-resolution 

information of the Fresnel zone, we expect to obtain a periodic interference pattern 

matching the so-called Talbot effect (see subsection 2.3.4, Chapter 2) in the 

transmittance associated with the grid-like element. For a one-dimensional grid 

(with a period that allows ± 1st diffraction order), this effect would lead to a distinct 

interference pattern in our 2D simulation domain consisting of linear arrays of 

periodically arranged bright fringes (i.e., high-intensity spots)—on the y-axis—

alternating with dark fringes, where the two consecutive bright fringes have a 

spacing equal to the grid period d. Each linear array of bright fringes represents an 

image copy of the grating repeated at fixed distances—on the x-axis—equal to 

“Talbot length ZT” [200] alternating with other secondary copies occurring at ZT/2 

with a lateral shift—on the y-axis—equaling d/2. The Talbot length ZT can be 

calculated according to eq. 2.18 (see Chapter 2).  

This explains the intense interference pattern which dominates the 

transmittance region of CSlong,3, CSlong,4, and CSlong,6 at a range of wavelengths (e.g., 

CSlong,4 in Fig. 4.15a), which interrupts the edge diffraction pattern and the 

associated diffraction-driven focusing. As expected, this pattern occurs only where at 

least ± 1st orders of diffraction are present in the transmittance beside the 0th order. 

The possible number of diffraction orders can be calculated under normal incidence 

using the grating equation (eq. 2.17, Chapter 2). By solving this equation for the CSs, 

the presence of ± 1st orders of diffraction is possible only at λvacc < d*nm (d = dstr or da 

in the case of longitudinal or vertical CSs, respectively), while the ± 2nd orders of 

diffraction can occur only at λvacc < (d*nm)/2, which falls mostly outside the studied 

λvacc range. This explains the observation of Talbot pattern in CSlong,3 (dstr = 490 nm), 

CSlong,4 (dstr = 500 nm), and CSlong,6 (dstr = 565 nm) at λvacc < 490 nm, 500 nm, and 565 

nm, respectively, in the air (nm = 1.00) and λvacc < 652 nm, 665 nm, and 752 nm, 

respectively, in water (nm = 1.33). However, it cannot be obtained in CSver,1 (da = 214 
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nm) (Fig. 4.16b) at the studied λvacc range either in air or water, which is confirmed 

for an equivalent analytical grid without nodule Gana,ver1 (Fig. 4.16c).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.15. The interference pattern of CSlong,4 displays the Talbot pattern dominating the 
transmittance region at λvacc = 350 nm in air (a) and in water for the light incident on the 
outer face (b) or the inner face (c). The distance between the two black, dashed lines 
(considered as the Talbot planes) in (a) is the so-called Talbot length (ZT). The Talbot pattern 
in CSlong,4, frustule at λvacc = 350 nm immersed in water (d). The graphs illustrate the dependency 
of ZT on λvacc in CSlong,4 in air (e) and on nm (nv = 1.46) at λvacc = 350 nm (f). A graph shows the 
dependency of ZT on d of Gana,long4 with different fill factors (ff) at λvacc = 350 nm in air (g). The 
error bars in the graphs represent the uncertainty in the measured ZT. The color code is 
given in V/m units. This Figure is reproduced from Ghobara et al. [261]. 
 

The dependency of ZT on λvacc and ∆n is investigated utilizing CSlong,4 (dstr = 500 

nm), while its dependency on structural parameters is further studied on an 

equivalent analytical grid Gana,long4 of rectangular grooves. The distinct difference 

between CSlong,4 (Fig. 4.15a) and Gana,long4 (Fig. 4.16a) is the presence of the mantle as 

well as the lens-like grid units in CSlong,4, where the curved surface of the lens occurs 

at the inner valve face (Fig. 4.4) and has a depth of 70 nm out of the total valve 

thickness Dv = 170 nm. Despite this, no significant change is observed on ZT between 

the actual and analytical grid of the same d (Fig. 4.15a vs. 4.16a), except for the 

increased deformation of the fringes in the case of CSlong,4. In all cases, the extracted 

ZT has a slight deviation compared to theoretical predictions (Figs. 4.15 and 4.16) 

due to the deformation of Talbot fringes caused by edge diffraction, a consequence 

of the limited number of grid units [281]. This deformation leads to uncertainty while 

defining the Talbot planes (indicated by black dashed lines in Figs. 4.15a and 4.16a). 
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Thus, the extraction of ZT is based on an average accompanied by a deviation 

representing the uncertainty in the position of the Talbot planes on the x-axis. The 

extraction of ZT from CSlong,3 or CSlong,6 faces more difficulties related to the presence 

of the nodule zone or the stronger edge effect, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.16. The analytical grid Gana,long4 equivalent to CSlong,4 (a), CSver,1 (b), and the analytical 
grid Gana,ver1 equivalent to CSver,1 (c) at λvacc= 350 nm in the air. The three graphs show the 

independency of ZT on the changes in nv (nm =1.00) of CSlong,4 (d), the grid units number of 
Gana,long4 (e), or its thickness (f) at λvacc= 350 nm in the air compared to the theoretical 
expectation. The error bars in graphs represent the uncertainty in the measured ZT due to 
deformation of the fringes. This Figure is reproduced from Ghobara et al. [261]. 
 

As illustrated in Fig. 4.15, the Talbot length ZT associated with CSlong,4 

increases with decreasing λvacc or increasing nm (for nv = 1.46), which perfectly 

matches the theoretical expectation from eq. 2.18 and is correlated with the 

changes in ϴm, which correspond to the ± 1 diffraction orders that can be calculated 

from eq. 2.17. While a dramatic change in ZT can be induced by changing the grid 

period d of Gana,long4 (Fig. 4.15g). In contrast, neither changing the fill factor ff (i.e., 

the grid unit width/d) (Fig. 4.15g), the number of grid units (Fig. 4.16e), nor the 

thickness D of Gana,long4 (Fig. 4.16f) changes ZT. The same conclusion is obtained for 

changing nv (at nm = 1) of CSlong,4 (Fig. 4.16d).  

Another important feature to study in Talbot effect is ENorm strength of the 

generated bright spots. Interestingly, no significant λvacc dependency is noticed for 

the maximum strength of the Talbot bright fringes ENorm,Talbot of CSlong,4, which vary 
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within the range of 1.36–1.56 V/m (with errors up to ± 0.07 V/m). Generally, the 

ENorm,Talbot shows dependencies on ∆n, D, and ff but is independent on the grid unit 

number. Decreasing ∆n (from 0.46 to 0.06) either by changing nv or nm decreases the 

ENorm,Talbot of CSlong,4 with the same magnitude, e.g., ENorm,Talbot reaches 1.14 ± 0.02 

V/m in water (nv = 1.46, nm = 1.33) at λvacc 350 nm. Additionally, increasing the D of 

Gana,long4 (from 50 nm to 400 nm) increases ENorm,Talbot (from 1.11 ± 0.01 V/m to 1.71 ± 

0.05 V/m), while decreasing ff increases the transmitted light through the areolae 

and, thus, enhances ENorm,Talbot significantly. 

 

4.3.7. Guided-mode resonance 

For a specific range of wavelengths, the grid-like element exhibits another 

phenomenon, guided-mode resonance (GMR). As already explained in subsection 

2.3.6 (Chapter 2), GMR occurs when the resonance conditions are reached, where a 

dramatic drop in transmittance and increase in reflectance can be observed, leading 

to the characteristic spectrum of GMR. In our simulation domain, during GMR, a 

characteristic interference pattern (resulting from the interference of guided waves) 

is expected inside the grid-like element (e.g., Fig. 4.17), with intense nodes reaching 

the maximum at the middle of the grid and decaying towards the edges with a 

simultaneous evanescence in the proximity of the grid surface. 

 

 

 

 

 

 

 
Fig. 4.17. Grid-coupled GMR of CSlong,4 at the maxima of zero (a) and first modes (b) and of 
CSlong,4* at the maxima of zero (c) and first modes (d) in air. The ENorm, GMR is 6.31 (a), 4.01 (b), 
6.67 (c), and 5.17 (d) V/m at λvacc,GMR 553 nm, 303 nm, 559 nm, and 307 nm, respectively. The 
color code emphasizes the ENorm enhancement in red (ENorm > 1 V/m) while both the Einput and 
the ENorm reduction are in white (ENorm ≤ 1 V/m), not emphasized. This Figure is reproduced 
from Ghobara et al. [261]. 
 

In the CSs with a grid-like element (CSlong,3, CSlong,4, and CSlong,6), the ENorm,T 

dramatically drops at specific ranges of λvacc, reaching a minimum value at λvacc,GMR 

before returning to its normal limits with a simultaneous increase in ENorm,R, which 

matches the expected behavior of GMR. Nevertheless, the extraction of ENorm,T or 

ENorm,R employing the same method described in Fig. 4.6 is complicated due to the 
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presence of other overlayed phenomena, such as the Talbot effect in the case of the 

first mode. Alternatively, to study the GMR behavior and to define λvacc,GMR, finer 

sweeps—down to 1 nm steps—are applied concurrently with observing the ENorm 

strength inside the waveguide, which reaches its maximum ENorm,GMR at λvacc,GMR.  

The first mode of GMR is observed at λvacc,GMR 295 nm, 303 nm, and 339 nm 

for CSlong,3, CSlong,4, and CSlong,6, respectively. While the zero modes are obtained at 

λvacc,GMR 523 nm, 553 nm, and 613nm, respectively, in the air. The presence of a 

defect in CSlong,4* causes a slight shift in λvacc,GMR to occur at 559 nm and 307 nm for 

the zero (Fig. 4.17c) and first modes (Fig. 4.17d), respectively, where the maximum 

ENorm,GMR is associated with the defect rather than the geometrical center of the grid-

like element. Further, by increasing ϴinc, a splitting in the modes is observed (e.g., 

zero mode of CSlong,4 in Fig. 4.18a) combined with a decrease in ENorm,GMR at λvacc,GMR. 

Such behavior is expected (see, e.g., Figure 3 in [216]). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.18. The graphs show CSlong,4 λvacc,GMR-dependency of zero mode on ϴinc (a), changing nv 

(at nm =1.00) (b), and changing nm (at nv =1.46) (c). While graphs in (d), (e), and (f) show 
λvacc,GMR-dependency of zero mode on changing grid units, D, or d (at different ff), 
respectively, of Gana,long4 in air. The color code is given in V/m units. This Figure is modified 
from Ghobara et al. [261]. 
 

Moreover, increasing ∆n by increasing nv (nm = 1.00) leads to a red shift in 

λvacc,GMR of the zero mode of CSlong,4 (Fig. 4.18b) and a simultaneous increase in 

ENorm,GMR from 1.50 V/m (nv = 1.13) to 8.04 V/m (nv = 1.80). In contrast, increasing ∆n 
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with decreasing nm (nv = 1.46) leads to a blue shift in λvacc,GMR (Fig. 4.18c) associated 

with an increase in ENorm,GMR from 1.38 V/m (nm = 1.33) to 6.31 V/m (nm = 1.00). 

Furthermore, the influence of the structural parameters on GMR is studied 

on Gana,long4, where only slight shifts occur for λvacc,GMR (zero and first modes at 556 

nm and 303 nm, respectively) compared to λvacc,GMR of CSlong,4. Although further 

analysis is focused on the zero mode, similar trends are expected for the first mode. 

Increasing the grid unit number of Gana,long4 leads to slight red shifts in λvacc,GMR, which 

is more significant for grid units < 20 (Fig. 4.18d), combined with a dramatic increase 

in ENorm,GMR, reaching 11.70 V/m for 42 grid units. By increasing D of Gana,long4, a red 

shift in λvacc,GMR occurs (Fig. 4.18e), accompanied by less dramatic changes in 

ENorm,GMR, with a maximum (6.14 V/m) at D = 250 nm. Finally, increasing the d of 

Gana,long4 (at the same ff) causes a dramatic red shift in λvacc,GMR (Fig. 4.18f) and a 

simultaneous decrease in ENorm,GMR. This explains the λvacc,GMR shift observed for 

CSlong,3 and CSlong,6 associated mainly with the change in dstr. Decreasing the fill factor 

ff (from 0.8 to 0.4) causes a blue shift in λvacc,GMR (Fig. 4.18f) combined with a 

decrease in ENorm,GMR. 

 

4.4. The complete frustule immersed in water 

As previously demonstrated, adding the girdle bands spatially delays the inner edge 

diffraction fringes, probably due to the delay of the interference between the 

secondary wavelets generated at the edges—due to waveguiding behavior—and the 

transmitted wavefront through the CS (Figs. 4.9b and c). By further adding a similar, 

but smaller, CS representing a hypovalve—to build a CS in the complete frustule—

almost all inner edge diffraction fringes, and, as a consequence, the diffraction-

driven focusing spots, are removed from inside the frustule to appear beyond the 

hypovalve, as can be seen in the CSlong5,frustule (Fig. 4.19a), and, therefore, become 

irrelevant to photosynthesis. At the same time, thin-film interference still affects the 

area inside the frustule.  

Moreover, the generated PJ by the nodule, or the sternum, is still observed 

inside the frustule (e.g., CSlong3,frustule in Fig. 4.19b). Interestingly, the direction of this 

PJ follows ϴinc of the incident wave (Fig. 4.20a). This behavior is confirmed for 

CSlong,3/nodule (Fig. 4.20b) but with more stability inside the complete frustule, given 

that it occurs at a larger ϴinc range (Fig. 4.20a). The nodule integrated into the 

hypovalve of CSlong3,frustule also generates a PJ but beyond the frustule (Fig. 4.19b). 

Another stronger PJ appears beyond the hypovalve observed in all CSs of the 

complete frustule associated with the frustule’s edge diffraction (black arrows in Fig. 

4.19). 
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Fig. 4.19. The interference pattern of CSlong5,frustule (a) and CSlong3,frustule (b), which represent a 
complete frustule consisting of CSlong,5 or CSlong,3, respectively, immersed in water at different 
λvacc. With increasing λvacc, the diffraction-driven focusing fringes that appear outside the CSs 
move toward them. The black arrows indicate what seems to be a PJ. The color code is given 
in V/m units. This Figure is reproduced from Ghobara et al. [261]. 

  
 

 

 

 

 

 

 

 

 

 

 
Fig. 4.20. (a) the ϴinc-dependency of the PJ generated by the nodule inside CSlong3,frustule at 
λvacc 400 nm in water. The color code starts from 1.1 V/m to emphasize the PJ from the 
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Talbot fringes. (b) the ϴinc-dependency of the PJ generated by the dissembled nodule at λvacc 
350 nm in air. (c) zero mode of the grid-coupled GMR in CSlong4,frustule at λvacc,GMR 553 nm in air 
and (d) at λvacc,GMR 665 nm in water. The color codes are given in V/m units. This Figure is 
modified from Ghobara et al. [261]. 
 

Furthermore, the Talbot fringes—associated with the grid-like element—

remain inside the frustule but also appear beyond the hypovalve, as can be seen in 

Fig. 4.15d. As the edge effect is minimized inside the frustule, the lateral 

deformation of the inside Talbot fringes becomes weaker. This is clear when 

comparing CSlong4,frustule (Fig. 4.15d) and CSlong,4 (Fig. 4.15b), given that both are in the 

water at λvacc 350 nm. 

Finally, there are no shifts in λvacc,GMR of the zero mode observed for the 

epivalve in CSlong4,frustule either in air (Fig. 4.20c) or in water (Fig. 4.20d), while the 

guided waves are extended from the epivalve to the hypovalve through the mantle 

and the girdle bands.  

 

4.5. Further discussions 

The comprehensive structural analysis of GP frustules utilizing FIB-SEM analysis, in 

addition to the regular SEM, offers high-resolution structural details crucial for 

predicting their light modulation abilities. While statistical analysis suggests that 

some critical structural parameters, such as the valve thickness Dv and striae spacing 

dstr, are reproducible between different valves within the studied culture, this likely 

means they might be built and optimized by the living cells on purpose to contribute 

to potential photobiological roles. This assumption can be tested in future through 

the structural analysis of the frustules of consecutive subcultures over a long period 

of time.  

Through extensive numerical analysis, the ability of GP valves, as well as 

complete frustules, to modulate light in the near field and Fresnel zone was 

demonstrated and explained. Using 2D CSs and disassembling distinct optical 

components enables understanding complex interference patterns (e.g., Fig. 4.3) 

and finding their correlation to the well-known optical phenomena in micro and 

near-field optics. Further, using analytical models allows the determination of the 

significance of structural parameters to the observed phenomena and also enables 

future prediction of the light modulation capabilities of other unstudied pennate 

species.  

At this point, it should be noted that although the numerical analysis of 2D 

CSs gives a deeper analytical understanding of the involved optical phenomena and 

the general trends, there are some limitations. The actual shape and intensities of, 

e.g., the PJ and Talbot fringes, occurring in 3D cannot be accurately predicted via 2D 
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simulations. Moreover, in the case of grid-coupled GMR, λvacc,GMR and ENorm,GMR are 

expected to be shifted when transferring from the 2D to 3D situation.      

In the following subsections, the light modulation by an intact three-

dimensional GP valve is predicted and discussed—in light of the obtained results—

alongside its potential for applications (4.5.1) and, further, the hypothetic 

photobiological relevance of the complete frustule (4.5.2).  

        

4.5.1. The light modulation by GP valve: The competing phenomena 

and potential for applications 

The light modulation in 3D, with the presence of all integrated optical components in 

such small-size valves, is expected to give a more complicated interference pattern 

but will also show how distinct optical phenomena are competing.  

The thin-film interference associated with the valve’s thin-slab element is 

disturbed by (i) edge diffraction and (ii) the presence of integrated optical 

components (including the 1D grid-like and lens-like components), which cover the 

majority of the valve area, as can be concluded from Figs. 3.1 and 4.1. Nevertheless, 

the intensity of the reflectance and transmittance could be affected by this 

phenomenon. This, in turn, affects the strength of the final interference pattern, 

which is evident in the case of the diffraction-driven focusing spots’ intensity E2
Norm,f 

(Fig. 4.12a). This means that, under normal incidence, the thickness Dv, as well as nv, 

could be crucial for determining the λvacc-dependent reflectance/transmittance ratio 

of the valves. It is worth noting that many other pennate valves consist of a single 

optically thin, porous silica layer of a thickness Dv ≤ the visible light wavelengths, 

similar to GP valve; thus, being relevant to thin-film interference. This is distinct from 

the multilayer structure of some centric and pennate valves associated with the 

presence of loculated areolae [17], which could lead to multilayer interference. This 

phenomenon has not been investigated before for pennate valves. In contrast, the 

interference fringes have been witnessed in the reflectance spectrum of a centric 

valve of Coscinodiscus wailesii with a multilayer structure (see Figure 2 in [282]). 

In large valves, the edge diffraction contribution to their light modulation 

behavior is expected to be less significant [141]. In contrast, in small-size valves (such 

as the GP valve), edge diffraction dominates their light modulation behavior and 

significantly contributes to the interference pattern in their near-field and Fresnel 

zone. The contribution of thickened areas within the valve (such as the nodule in GP) 

to the obtained interference pattern suggests that, even in the case of large valves 

with complex ultrastructure, such as the valves of Arachnoidiscus spp. (see Figure 3 

in [131]), the diffraction from those additional edges is expected to play a significant 

role in their light modulation behavior. 
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Across the studied λvacc range, the PJ is expected to be dominant at the apical 

axis associated with the presence of the nodule and the sternum, which might be the 

case for all biraphid pennates. The PJ associated with the nodule (the maximum 

thickness Dnod) is expected to be higher in intensity and interrupt the interference 

pattern, as shown in Fig. 4.13. This PJ is similar to the focusing beam observed by De 

Tommasi et al. [139]. The PJ—especially that associated with the nodule— could 

have the potential in several applications to, for instance, enhance the resolution of 

optical microscopy, reach super-resolution imaging, improve fluorescence 

spectroscopy, enable subwavelength photolithography, and enhance the optical 

absorption in optoelectronic devices [181,283]. Additionally, by changing ∆n, either 

via changing nv or nm, the features of the PJs can be tailored, as shown in (Figs. 4.14c 

and d), which could be interesting for future applications.  

Furthermore, inside the transmittance region of GP valve, the Talbot 

interference pattern is expected to dominate at a range of wavelengths, where 

additional diffraction orders (± 1st orders) besides the 0th order can be present. For a 

clean GP valve immersed in air, the normal incident light of wavelengths < 500 nm is 

expected to generate Talbot fringes, representing an image copy of the 1D grid-like 

structure, which consists of the valve’s costae alternating with striae of increasing 

spacing (dstr) toward the edges (Fig. 4.1). In general, the Talbot fringes are expected 

to be distorted near the valve edges, influenced by the edge diffraction and, near its 

apical axis, influenced by the PJ (Fig. 4.13b). Although the Talbot effect is well known 

in the near-field optics of diffraction gratings [200,284], it is often not mentioned—

apart from by De Stefano et al. [129]—or analyzed in diatom-related studies. On the 

contrary, the analysis of far-field diffraction grating behavior is more frequent, as in 

[127], which is not directly relevant to photobiology or most applications. Recently, 

the Talbot phenomenon has been utilized in several applications, for instance, in 

fluorescence Talbot microscopy [285,286], displacement Talbot lithography 

[287,288], and image sensors [289]. However, it should be noted that the Talbot 

pattern produced by GP valves is likely inappropriate for such applications if 

compared to the valves of larger-size pennate species such as Nitzschia and 

Hantzschia spp. (see Round et al. [17]), where the grid-like component has an almost 

fixed dstr and is not interrupted by a sternum or nodule at the valve apical axis.     

Additionally, at a narrower range of wavelengths, the 1D grid-like element is 

expected to initiate grid-coupled GMR, where the transmittance drops dramatically 

and, thus, affects the intensity of the Talbot fringes at the first GMR mode or 

diffraction-driven focusing spots at the zero mode. It should be, however, noted that 

the exact λvacc,GMR in the 3D valve cannot be expected accurately without 3D 

simulations, as previously mentioned. In general, GMR is of great interest for sensing 

applications and optoelectronic devices [220,223,224] associated with enhancing EM 

fields near the valve surface through the simultaneous evanescence field. Due to the 
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finite size of GP valves and, thus, a small number of grid units, the quality of GMR is 

expected to be low. Hence, larger pennate valves, especially of small areolae size 

(large ff), could be more appropriate for GMR-based applications.  

For the wavelengths away from the ability of the grid-like element to diffract 

the light (produce Talbot pattern) or initiate GMR, the diffraction-driven focusing 

spots are expected to dominate the interference pattern in the Fresnel zone. The PJ 

generated by the nodule zone (as well as the sternum) is expected to interfere with 

these spots (see, e.g., Fig. A.9, Appendix A) to generate a colligative diffraction-

driven focusing behavior. The observed behavior of these focusing spots is in good 

agreement with the focusing behavior reported in the previous work for the valves 

of Coscinodiscus spp. and Arachinodiscus sp. [129,131,132,137,140]. However, it 

should be noted that the foramen pore diameters—and the period in between—in 

Coscinodiscus spp. valves (≈1–3 μm) are comparable to the size of the whole GP 

valve. 

Finally, GP valves could be utilized in optoelectronic and photonic 

applications based on and within the limits of the discussed competing phenomena. 

In such applications, the valves are often spread over a substrate to form a 

monolayer [290,291], where they occur in two configurations, either showing the 

outer or inner face upward (Figs. 4.21a or b, respectively). Adding the valve to a 

substrate would lead to changes in their light modulation abilities, which can also be 

predicted from the relevant theories and analyzed through numerical analysis. 

Recent reports showed a degree of control over the valve orientation on the 

substrates that could be helpful for specific applications [290].  

 

 

 

 

 

Fig. 4.21. Sketches showing a GP valve (represented by CSlong,3) laying on a substrate with the 
outer (a) or inner face (b) upward. This Figure is reproduced from Ghobara et al. [261]. 

 

4.5.2. Photobiological relevance of GP frustules 

As GP living cells live underwater, understanding the case of a complete frustule in 

water, illustrated in section 4.4, is crucial for correlating the observed phenomena 

and the designated optical elements to hypothetical photobiological roles. Although 

there is significant reduction in the light modulation strength, all phenomena still 

occur and might have photobiological functions. The expected photobiological 

relevance might not only be limited to photosynthesis enhancement—by attenuating 

harmful radiation while maximizing absorption of PAR—but also might extend to 
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perform functions in putative light sensing and signalling mechanisms [44,157]. It 

should also be noted that GP is a benthic species living near the bottom of the 

basins, where the blue–green spectral ranges dominate due to the strong absorption 

of the red and infra-red wavelengths. The phenomenon increases in significance with 

increasing of water column depth that the light penetrates before reaching the living 

cells [157]. 

In GP living cells, the chloroplast occurs adjacent to the valve face—where 

the grid-like element (i.e., the striae and costae) covers most of its area—and to the 

mantle and girdle bands (i.e., the fiber-like elements) [292]. This gives significant 

importance to the Talbot effect, grid-coupled GMR, and waveguiding behavior in 

photosynthesis. In parallel, thin-film interference generally affects the transmittance 

inside the cell. PJ generation by the nodule and the sternum—although occurs inside 

the frustule—might not be directly relevant to photosynthesis as it occurs along the 

apical axis within a narrow area compared to the chloroplast area. In contrast, the 

diffraction-driven focusing pattern associated with the frustule edge diffraction is 

not relevant to photosynthesis, as it moves beyond the frustule (Fig.4.19).  

Furthermore, the generated PJ, especially at the nodule zone, which is more 

intense at shorter λvacc (e.g., Fig. 4.13) and follows the incident light direction (Fig. 

4.20a), is expected to be related to a hypothetical PJ-based sensing mechanism for 

the light direction, which is proposed in subsection 5.4.2 (Chapter 5). This is inspired 

by the mechanism that has been suggested for the spherical cells of cyanobacterium 

Synechocystis sp. [293,294]. 
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As mentioned in Chapter 1 (subsection 1.2.4), the focusing ability of a limited 

number of valves belonging to a few species, representing even fewer genera, has 

been studied so far in the literature. In Chapter 4, the diffraction-driven focusing 

ability (including PJ generation) of the GP valve/frustule was numerically revealed. 

Following that context, this chapter aims to experimentally investigate this 

phenomenon using Far-field optical microscopy techniques. It also seeks to expand 

the current knowledge by studying a number of valves—some of which have not 

been studied in literature before—belonging to distinct pennate and centric species 

representing different genera. The chapter is divided into four parts: part 5.1 

describes the geometry and ultrastructure of the diatom valves studied here; part 

5.2 elucidates the valves’ ability to focus the normal incident light in transmittance; 

part 5.3 shows the ability of some valves to focus light when illuminating them from 

the side; and part 5.4 discusses the potential relevance of this phenomenon to 

applications as well as photobiology.  

 

5.1. The geometry and ultrastructure of the studied valves 

A number of structurally-distinct diatom valves belonging to nine diatom species 

(representing eight distinct genera) were selected for the studies to cover a wide 

range of geometries, sizes, and ultrastructure. That could help judge whether the 

diffraction-driven light focusing is spread among diatom species and genera. The 

main structural features of the studied valves are summarized in Table 5.1.  

 

Table 5.1. Description and comparison of the studied diatom valves.  

Diatom 

species 
Geometry Size [µm] Ultrastructure features 

CR 
 

(Fig.5.1a) 

plate-like 
shape 

diameter 
80 – 100 

The valve has hexagonal-shaped loculate areolae (i.e., 
chamber-like voids) of an average width ≈ 1.8 µm.  

The areolae are open to the inner valve face with circular 
pores, of an average diameter ≈ 1.2 µm. These pores 
become smaller toward the mantle, reaching ≈ 0.7 µm. From 
the outer valve face, the areolae are covered by a fine silica 
sieve of pore diameters ranging from 0.05 – 0.1 µm. 

The valve has a circular hyaline area (free of pores) that 
occurs approximately at its geometrical center with a 
diameter ranging from 6 – 10 µm.  

 

Diffraction-driven focusing of visible light 
by diatom valves 
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The mantle height is about 2 µm. 

Pin 
 

(Fig.5.1b) 

Linear 
with 

rounded 
apexes 

length 
170 – 300 

 
width 

30 – 50 

The valve consists of two distinct silica layers stacked 
together, forming elongated chambers (called alveoli) that 
open to the inner face with linear pores of an average width 
≈ 0.9 µm, and spacing ≈ 2 µm.  

From the outer valve face, the alveoli are covered with a 
porous layer of tiny pores (called poroids) with an average 
diameter ≈ 0.1 µm, arranged in a hexagonal pattern with an 
average spacing ≈ 0.2 µm. 

From the inner valve face, a distinct nodule appears close to 
its center with an average width ≈ 7 µm and length ≈ 12 µm. 
Two other nodules appear at valve's apexes. 

The valve also has a relatively large area free of pores at the 
center that extends through its long axis, where a raphe slit 
occurs.  

The mantle height is about 4 µm. 

GP 
Elliptic to 

ovate 

length 
6.1 – 7.9 

 

width 
4.3 – 5.0 

See detailed description in Chapter 4. 

See also section A.10 (Appendix A) 

Aula 
 

(Fig.5.1c) 
Cylindrical 

diameter 
6.2 – 18.2 

 

height 
2.9 – 6.2 

See detailed description in subsection 5.1.1. 

Samples consisting of an arranged valve 

Cosc 
 

(Fig.5.2a) 

Plate-like 
shape 

diameter 
172 

The valve has two dissimilar areas featuring two distinct 
porosity patterns.  

The outer part shows hexagonal-shaped loculate areolae of 
an average width ≈ 6 µm. The areolae open to the inner 
valve face with circular pores of an average diameter ≈ 2 µm 
and spacing ≈ 7µm. 

At the central part (of a diameter ≈ 53 µm), the areolae 
seem not hexagonal, and the pores have an average 
diameter of ≈ 0.7 µm and spacing of ≈ 1.8 µm. 

A hyaline area (of a diameter ≈3 µm) occurs approximately 
at the valve’s geometrical center.  

The estimated valve thickness is about 2.3 µm (from a 
cracked part). 

Acto 
 

(Fig.5.2b) 

undulated 
plate-like 

shape 

diameter 
163 

The undulated valve has ten distinct sectors of about equal 
size alternating with each other in up and down pattern. 

The inner valve face shows circular pores of an average 
diameter ≈ 0.28 µm and spacing ≈ 0.75 µm. 

A hyaline area (of a diameter ≈ 22 µm) occurs approximately 
at the valve’s geometrical center.  

The estimated valve thickness is about 2 µm (from a cracked 
part). 

 
 

Staur 

 
 

Lanceolate 

 
Length 

205 

From the inner valve face, a distinct thicker area of a 
rectangular shape appears approximately at the geometrical 
center (called stauros) of a width ≈ 5.7 µm. The sternum—
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(Fig.5.2c) 

 
Width 

37 

which is penetrated by the raphe—also seems distinctively 
thicker. 

The stauros and sternum—together—divide the valve into 
four distinct groups of pore arrays. Each group has tilted 
striae of an average spacing ≈ 0.7 µm, consisting of fine 
transversely elongated areolae of an average length ≈ 0.3 
µm, width ≈ 0.15 µm, and spacing (in stria) ≈ 0.6 µm. 

Pinn 
 

(Fig.5.2d) 

Linear 
with 

rounded 
apexes 

Length 
156 

 
Width 

26 

Similar to Pin valve, but of smaller-size structural 
parameters. For example, the linear pores—appear at its 
inner face—have an average width ≈ 0.7 µm, and a spacing ≈ 
1.4 µm. The nodule close to its center has a length ≈ 5 µm 
and a width ≈ 3.5 µm. The apical nodules seem more 
distinctive here. 

Did 
 

(Fig.5.2e) 

Lanceolate 
with 

rounded 
Swollen 
apexes  

Length 
144 

 
Width 

42 

The valve has three distinct areas: the central area (the 
major area), a headpole, and footpole. The headpole is 
larger compared to the footpole. 

The sternum seems thicker. Two apical nodules appear from 
the inner valve face at the two apexes, while the central area 
shows an increased thickness along with four stigmata.  

Striae are highly tilted at the central area and less tilted at 
the two apexes. The areolae are open to the inner face with 
elongated chambers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5.1. SEMs showing the top view of the inner valve face of the centric diatom CR (a) and 
the pennate diatom Pin (b), as well as the outer valve face of the centric diatom Aula (c). The 
insets in (a) and (b) show the ultrastructural features of these valves with scale bars of 1 µm 
and 15 µm, respectively. The raw SEMs were captured by Dr. Martina Gilic.  
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Fig. 5.2. SEMs show the ultrastructure of the inner valve face of the centric diatoms Cosc (a) 
and Acto (b) and the pennate diatoms Staur (c), Pinn (d), and Did (e). The white arrows 
indicate the increased thicknesses at the pennate apexes (i.e., the apical nodules). 
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5.1.1. Detailed structural analysis of Aula valves 

For the rigorous analysis of light focusing abilities of Aula valves performed in this 

chapter, a detailed structural analysis of Aula valves was carried out (Fig. 5.3 and 

Table 5.2). In Fig. 5.3c, an intact Aula frustule—less observed in the sample—shows 

the two overlapping valves, epivalve and hypovalve, still conjunct and surrounded by 

a delicate silica layer representing traces of the so-called ‘girdle’.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.3. SEMs of different Aula valves in the purified sample show their geometry and 
ultrastructural features. The raw SEMs were captured by Dr. Martina Gilic. 
 

The valve has a 3D cylindrical shape of diameter 2rv and height hv. When a 

valve lies on its flat side, it has a circular appearance showing either the outer (Fig. 

5.3a) or inner face (Fig. 5.3b). When a valve lies on its mantle, it has a rectangular 

appearance (e.g., Fig. 5.3d). The outer valve face has a flat porous plate (Fig. 5.3a) of 

an estimated thickness Dv ≈ 0.2 µm surrounded by an outer rim of a non-porous area 

of width Ws, from which the spines extrude to help the frustule to conjugate with 

the adjacent frustules in linear chains [17,295]. The areolae of the valve face have a 

round shape of diameter 2ra,v and a spacing (center to center) da,v. These areolae are 

arranged in a quasi-periodic arrangement that can be approximated to a 2D 

hexagonal lattice if we tolerate imperfections up to 10 % (estimated according to the 

method developed in Appendix B). Distinct defects (i.e., areolae-free zones) of a 

width Wd were also found in many valves (see, for example, Fig. A.20 in Appendix A). 

Only a few valves appear with almost no defects (e.g., Fig. 5.3a). The inner valve face 

has a ring-like structure called ringleist (i.e., a silica ledge that protrudes from the 
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end of the mantle into the inner area of the valve [26]) with an opening ratio Ri,% (= 

Ri/2rv). 

  

Table 5.2. Statistical analysis of the structural parameters of Aula valves (weighted mean, 
internal and external errors—the bold print indicates the significant error). 
  

 

In the mantle view (Fig. 5.3d), the valve height hv is separated into three 

distinct areas: a relatively large porous mantle of a thickness DM, spines of a height 

hs, and a non-porous (i.e., hyaline) edge of a height hc called collum [26]. The areolae 

of the mantle have a diameter 2ra,M and are aligned in striae (i.e., rows of pores [17]) 

with a spacing within a stria of da,M and a spacing between two adjacent striae of 

da,Mstr. This produces a quasi-periodic arrangement that represents a 2D oblique 

lattice, which could be approximated to a 2D rectangular lattice if we tolerate 

imperfections up to 13 % (estimated according to the method developed in 

Appendix B). The imperfections in this lattice are associated with a spatial 

incoherence between adjacent striae. 

In contrast to GP valves—which showed precision in building some of the 

structural parameters, see Table 4.1 (Chapter 4)—all structural parameters of Aula 

valves showed a larger external error dXext indicating that these parameters are 

changing between the valves of the purified sample (Table 5.2). It should also be 

Parameter Description 
Weighted mean 

’w‘X 
 intdX extdX 

2rv Valve diameter (2 x radius) [µm] 13.9 0.006 0.9 

hv Valve height [µm] 4.4 0.007 0.4 

Ws Spine area width [µm] 0.59 0.02 0.04 

2ra,v 
Areolae diameter on the valve face 

[µm] 
0.25 0.01 0.02 

da Areolae lattice spacing [µm] 0.82 0.002 0.02 

Aa,v The lattice angle [degree] 60.0° 0.008° 1.6° 

Wd Defect width [µm] 3.4 0.2 0.8 

hc Collum height [µm] 1.4 0.008 0.1 

hs Spines height [µm] 1.00 0.05 0.08 

DR Ringleist thickness [µm] 0.53 0.01 0.05 

Ri,% Ringleist opining ratio [%] 51 0.9 5 

DM Mantle thickness [µm] 0.54 0.008 0.05 

2ra,M 
Areolae diameter (2 x radius) on 

mantle [µm] 
0.20 0.01 0.05 

da,M 
Areolae spacing within stria on 

mantle [µm] 
0.56 0.003 0.04 

da, Mstr 
Areolae spacing between adjacent 

striae on mantle [µm] 
0.8 0.003 0.1 

Aa,M The lattice angle [degree] 84.0° 0.1° 3.0° 
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noted that the minimum and maximum values of the structural parameters show a 

relatively large range compared to that of the GP sample (see Table 5.1), probably 

associated with the presence of valves of more than one species in the sample. 

 

5.2. Light focusing induced by valves under trans-illumination  

First, the ability of GP valves to induce diffraction-driven focusing under trans-

illumination was experimentally investigated to validate the analytical understanding 

attained from the 2D numerical analysis results of GP CSs demonstrated in the 

previous chapter.  

As expected, under trans-illumination, the GP valves showed an enhanced 

INorm along its apical axis (where sternum occurs) with a distinguished focusing spot 

occurring behind the position of the central nodule associated with generating PJ 

(Fig. 5.4a), reaching its INorm,max—for three analyzed valves, indicated in Fig 5.4a—at 

z4 (≈ 5.6 ± 0.4 μm). Pronounced bright/dark contours were also observed surrounding 

the valves associated with the edge diffraction. At z0, two additional maxima were 

observed at the valve’s apexes, indicated by the green arrows in the inset (Fig. 5.4a), 

which could be related to the increased thickness at the valve apexes (see Fig. A.25, 

Appendix A) that is not included in the CSs but could also generate distinguished PJs. 

It should be noted that, under the experimental setup used, the orientation of the 

valves over the substrate was not possible to determine due to their small size.  

 Although the 2D simulation results could analytically explain the observed 

focusing behavior, the direct fitting of these results to the experimental observations 

is not straightforward. This is, on the one hand, due to the 3D complexity of the 

valve ultrastructure (as discussed in subsection 4.5.1), and on the other hand, due to 

the resolution limitation of the setup used, which likely cannot reveal very fine 

features of the interference pattern observed in the simulation results (such as, the 

finer diffraction-driven focusing spots). Additionally, the simulations were carried out 

at selected λvacc, while the trans-illumination measurements were carried out 

employing a tungsten-halogen lamp, covering a wide range of wavelengths (including 

the visible light range). Despite these challenges, section A.10 (Appendix A) 

demonstrates the analysis of how much the 2D simulations could predict the actual 

position and amplitude of the experimentally observed focusing spots. 

As demonstrated in the previous chapter (subsections 4.3.4 and 4.3.5) 

through the analysis of an analytical slab, the diffraction-driven focusing behavior is 

not limited to GP CSs and can be generally induced by any dielectric slab if its 

dimensions (length Lsl and thickness Dsl, relative to incident λ range) and ∆n are 

appropriate. Even if the slab is lengthy and cannot induce the focusing behavior 

through the interference of its inner diffraction fringes, integrating a thicker 
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mesosize (relative to incident λ range) part into the slab could induce such behavior 

(see also the simulation results in section A.11, Appendix A). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

 
 
Fig. 5.4. (a) Trans-illumination of GP valves under 40x objective at three selected focal planes 
(zi). Each step on the z-axis is ≈ 1.4 ± 0.1 μm. The insets show a GP valve with a subtracted 
background and enhanced contrast (performed using Image J) to emphasize the focusing 
behavior. The white arrows in the insets indicate the focusing associated with the nodule 
position, while the blue arrows indicate the edge diffraction fringes outside the valves. (b) 
The normalized vertical line profiles extracted from three different valves at the three 
selected focal planes on the z-axis. The selected valves and the position of line profiles are 
demonstrated in (a) at z0. In the normalized line profiles, the input light intensity INorm,input = 1, 
INorm < 1 indicates attenuation in transmission, while INorm > 1 indicates the enhancement due 
to constructive interference. The noise in the line profiles represents the error range that is 
associated with the camera and the optical system.  
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If we expanded the developed understanding to the diatom valves of other 

pennate species, one could—in theory—predict whether a valve can induce a 

diffraction-driven focusing behavior based on (i) its dimensions and (ii) the 

presence/absence of integrated mesosize thicker parts. However, it should be noted 

that the geometry and dimensions of the mantle in these valves, as well as the 

presence of other diffraction sources, could influence the focusing behavior, as 

explained in the previous chapter.   

As predicted, the other experimentally studied pennate species, which have 

larger size valves but with integrated mesosize thicker parts in their inner face—

including the nodules and stauros (see Figs. 5.1b and 5.2c-d)—also showed a 

focusing behavior in transmittance correlated to these parts (for example, the Did 

and Pinn valves, Fig. 5.5). In the case of the Did valve, the INorm,max magnitude of light 

focusing at the apexes (head and footpoles) was larger than that at the center (Fig. 

5.5a). In contrast, the Pinn valve showed a higher focusing INorm,max magnitude 

associated with its central nodule compared to the apical nodules (Fig. 5.5b). In the 

Did valve, an apparent enhancement of the normalized intensity INorm was also 

observed along the sternum, which could be associated with its increased thickness 

compared to the rest of the valve (Fig. 5.2e).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5.5. The studied Did (a) and Pinn (b) valves—showing their inner face upward—as 
observed under 40x objective. The distinct parts of the valves are displayed at focusing 
INorm,max (at the left), along with the extracted normalized line profiles (at the right). The 
dashed lines in the figures illustrate the positions of the extracted line profiles. In this figure, 
the brightness and contrast of the raw optical micrographs were enhanced to visualize the 
valves. Each step on the z-axis is ≈ 1.4 ± 0.1 μm. 
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In principle, the diffraction-driven focusing that is mainly induced by these 

integrated parts could occur whether the valve is laid on its inner or outer face. This 

prediction was experimentally confirmed by observing two Pinn valves of similar 

dimensions but having a different orientation on the substrate under the same light 

intensity and camera settings (Fig. 5.6). Interestingly, the valve having its outer face 

upward (Fig. 5.6b) showed a larger focusing magnitude (Fig. 5.6c) and reached its 

INorm,max at a closer distance from the valve compared to the other valve. Such 

observation was also noticed in the simulation results of GP CSs (Fig. A.11c, 

Appendix A) and is correlated to the mantle orientation (having the mantle either up 

or down) and its contribution to the observed focusing. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.6. The central nodule of two Pinn valves (displayed at the focusing INorm,max) with its 
inner (a) or outer (b) face upward. The orientation of the valves was confirmed by SEM 
(shown at the bottom) after the experiment. The dashed arrows indicate the position of the 
central nodule. In this figure, the brightness and contrast of the raw optical micrographs 
were enhanced to visualize the valves. (c) The extracted normalized line profiles across the 
two valves (through the central nodule) at INorm,max. Each step on the z-axis is ≈ 1.4 ± 0.1 μm. 
 

In the case of the Staur valve, a more complicated interference pattern was 

observed in transmittance (Fig. 5.7) correlated to the diffraction contributions from 

stauros and sternum (see the valve ultrastructure in Fig. 5.2c), which gave a cross-

shaped enhancement. Approximately at the geometrical center of the valve, the 

focusing reached its maximum, yielding a spot, reaching its minimum waist (FWHM ≈ 

1.4 μm) and INorm,max at z10 (≈ 14 ± 1 μm) before it started vanishing. A splitting of the 

interference pattern was also observed at higher focal planes (e.g., z20 in Fig. 5.7). 

Such splitting was previously observed and explained in GP CSs simulations (see Figs. 

4.11b-c) and the simulation results shown in sections A.10 and A.11 (Appendix A). 
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Fig. 5.7. The studied staur valve—showing its inner face upward—as observed under 40x 
objective at different focal planes zi (at the top), along with their normalized line profiles (at 
the bottom). In this figure, the brightness of the raw optical micrographs was enhanced to 
visualize the valve. The intensity scale is a grayscale value. Each step on the z-axis is ≈ 1.4 ± 
0.1 μm.  
 

Among the studied centric species, Aula valves exhibit a hollow cylindrical 

geometry with relatively small dimensions. The 2D numerical analysis results of Aula 

longitudinal CSs, demonstrated in section A.12 (Appendix A), showed a diffraction-

driven focusing behavior when illuminated normally to their surface. The 

experimental results confirmed the focusing behavior of Aula valves, such as the 

valve shown in Fig. 5.8 (of a diameter ≈ 16 μm). By defocusing, a bright spot 

appeared above the valve in the transmittance, reaching its minimum waist (FWHM 

≈ 1.7 μm) and INorm,max at z7 (≈ 10.0 ± 0.7 μm), before quickly vanishing. By increasing 

the distance above the valve, a spot of attenuated INorm replaced the focusing spot, 

as shown at z12 (≈ 16.8 ± 1.2 μm). By further defocusing, another focusing spot 

appeared, reaching its minimum waist (FWHM ≈ 4 μm) and INorm,max at z21 (≈ 30.0 μm 

± 2.1 μm). The enhancement is also accompanied by a pronounced dip in the 

intensity at the valve’s outer rim (line profiles in Fig. 5.8). This behavior was 

reproducible among Aula valves (see another example shown in Fig. A.17), although 

the focusing parameters were changing among different valves, likely associated 

with the changes in their structural parameters (see also section A.12, Appendix A).  
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Fig. 5.8. An Aula valve—showing its outer face upward—observed under 40x objective at 
different focal planes zi (at the top), along with the normalized line profiles at selected focal 
planes (at the bottom). Each step on the z-axis is ≈ 1.4 ± 0.1 μm. It should be noted that in 
this valve, the maxima at z7 and z21 still show a partial saturation.  
 

Moreover, the experimental results of the centric CR valves (of large 

diameter, Table 5.1) showed a focusing behavior (section A.13, Appendix A) 

comparable to previous work on the valves of Coscinodiscus spp. [135,137]. The 

generated focusing spot occurred directly behind the central hyaline area and had 

FWHM comparable to the hyaline area width. Interestingly, their girdle bands 

(without valves inside) also showed what seemed a focusing behavior with a focusing 

INorm,max occurring at a higher (but still comparable) position to that of the valve (Fig. 

A.18). This emphasized that the focusing behavior of CR valves may not be limited to 

the diffraction contributions from only all areolae (which have a mesosize), as 

reported in the relevant literature [129,141], but there is also a significant diffraction 

contribution from valves’ mantle.  

In the case of the Acto valve (of a larger diameter), a distinct focusing spot 

was observed in the transmittance beyond its hyaline area (of a diameter ≈ 22 μm), 

as can be seen in Fig. 5.9. The spot reached its minimum waist (FWHM≈ 11 μm) and 

INorm,max at z8 (≈ 56 ± 4 μm). Additionally, a pronounced attenuation of the 

transmitted light intensity by the rest of the valve was observed (Fig. 5.9). While in 

the case of the Cosc valve (of comparable diameter to Acto valve but with different 

ultrastructure, see Fig. 5.2), a substantial attenuation of transmitted light through 

the whole valve was observed (section A.14, Appendix A). Nevertheless, a focusing 

spot of a relatively enhanced INorm compared to the rest of the valve was observed 

close to the valve surface (≈ z0, where FWHM ≈ 2 μm) in the transmittance beyond its 

hyaline area (of a diameter ≈ 3 μm), which diverged and vanished by defocusing (Fig. 

A.19).  
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Interestingly, the FWHM of the focusing spots induced by Acto, Cosc, and CR 

valves seems correlated to the hyaline area width (i.e., FWHM at maximum focusing 

< hyaline area width), suggesting a significant influence of the hyaline area that could 

be attributed to the interference of the light transmitted by this area and the 

diffracted light at its boundaries with the porous rest of the valve. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9. The studied Acto valve—showing its inner face upward—as observed under 10x 
objective at different focal planes zi (at the top), along with their normalized line profiles (at 
the bottom). Each step on the z-axis is ≈ 7 ± 0.5 μm. 

 

In sum, when applying the trans-illumination on the studied pennate and 

centric diatom valves, a pronounced modulation for the transmitted light was 

induced in all cases with a distinct diffraction-driven focusing behavior. Such 

behavior could be linked to their size and/or ultrastructure. To the best of my 

knowledge, the diffraction-driven focusing behavior of GP, pinn, Did, Staur, Aula, 

Acto, and Cosc valves has not been reported before in the literature. The focusing 

behavior of GP valves—despite their small size—was revealed and followed to a 

good extent the observations from the 2D numerical analysis (as demonstrated in 

section A.10, Appendix A). The valves of other studied pennates, which have 

integrated mesosize thicker parts, showed distinct focusing behavior induced mainly 

by the presence of these parts. The centric valves also showed an ability to induce 

such focusing behavior behind their hyaline area. The diffraction-driven focusing 

ability of Aula valves has been numerically analyzed, as demonstrated in section 

A.12 (Appendix A), and the experimental results were in good agreement with the 

numerical analysis results.   
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5.3. Light focusing by illuminating valves from the side 

All previous studies have investigated light focusing by illuminating diatom valves 

normal to their surface. To complete the picture and broaden our understanding, 

this part demonstrates for the first time the diffraction-driven light focusing induced 

by illuminating diatom valves from the side (employing the method described in 

subsection 3.3.2, Chapter 3). For this, the valves of four structurally distinct diatom 

species—two centrics (CR and Aula) and two pennates (GP and Pin)—were selected 

for the study. Additionally, in order to understand the role of the valves’ 

ultrastructure in the observed focusing behavior, the Aula valves were selected for 

further experimental and numerical analysis. The reason for this selection is that the 

Aula valves have an appropriate size compared to the other studied valves, which 

facilitates their experimental and numerical analysis. Another reason why Aula 

valves are interesting is their successful implementation in several applications as an 

alternative to artificial sophisticated nanostructured materials, supported by the vast 

availability of their fossils in the market at low cost. These applications include solar 

cells [151,296], photocatalysts, sensors, and microfluidic systems [94,95]. Therefore, 

expanding our knowledge of light modulation by these valves is beneficial and could 

explain their success in some optical applications and inspire more. 

 

5.3.1. Distinct valves under side-illumination 

Under side-illumination, the valves of different studied species exhibited substantial 

light scattering induced by their ultrastructure and showed an ability to induce 

diffraction-driven focusing, generating distinct focusing spots/beams, as evident in 

the examples shown in Fig. 5.10. The way the valves of each species focused the light 

is dependent on their geometry, size, and ultrastructure.  

The CR valves (of diameter 80 – 100 μm ≈ 121 – 152 λmax,660, when compared 

to the incident light wavelength λmax,660) laid on the substrate—showing either the 

inner or outer face upward—seem to have a large, flat central area. This flat area can 

be seen as a porous plate of diameter ranging from 30 μm (46 λmax,660) to 60 μm (91 

λmax,660). The rest of the valve shows a slight curvature increasing toward the mantle, 

as illustrated in the SEM (Fig. 5.1a). By illuminating these valves from the side, the 

collimated beam reached the curved part and the mantle first, producing 

pronounced scattering (Fig. 5.10a). Moreover, the valves showed a distinct bright 

spot at the rear side of their outer rim under the 10x objective, which became 

elongated and more visible at a specific focal plane above the valve on the z-axis (Fig. 

5.10a). The observed spot was changing its orientation when rotating the light 

source in the x-y plane to follow the direction of the incident light. 
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Fig. 5.10. Raw optical micrographs showing the focusing behavior of CR (a), Pin (b and c), GP 
(d), and Aula (e and f) valves under side-illumination, employing red LED (λmax ≈ 660 nm). All 
micrographs were captured using a 40x objective lens, except (a) with a 10x objective. The 
camera exposure in (b), (c), (e), and (f) was the same, while it was increased in (d) by 40%. 
The inset image in (d) is a zoom in a single valve with a subtracted background and enhanced 
contrast to disclose the PJ beam. 
 

The large Pin valves have a length of 258 – 455 λmax,660 and a width of 46 – 76 

λmax,660, while the central nodule has dimensions of 11 – 18 λmax,660. Fig. 5.10b shows 

the interaction of side-illumination with a Pin valve having its apical axis 

perpendicular to the direction of light propagation and its outer valve face upward. 

The part of the mantle facing the collimated beam caused a shadow effect, leading 

to a lower scattering at the opposite side of the mantle (Fig. 5.10b, front vs. back). 

Despite the shadow effect, a bright PJ beam appeared at the rear side of the nodule 

zone (Fig. 5.10b), having the same direction as the incident light. This beam was 

more evident in a cracked part of a valve showing its inner face upward and devoid 

of the mantle’s shadow effect (Fig. 5.10c). Moreover, high-intensity spots were 

observed at the apexes of some valves that could be associated with the apical 

nodules. However, it should be noted that no focusing behavior associated with the 

whole valve is observed in the studied field of view. 
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Fig. 5.10d demonstrates the interaction of side-illumination with the small GP 

valves (of length 9 – 12 λmax,660 and width 7 – 8 λmax,660). A bright spot was observed 

at the valves’ outline combined with a PJ beam on their rear side. The direction of 

the generated beam almost followed the incident light direction regardless of the 

valve’s rotation on the substrate but with changes in its length. As illustrated in Fig. 

5.11, the simulation results of wave propagation across a 2D model (representing 

the GP valve face) agree with the experimental observations. Fig. 5.11c shows that 

when the collimated light beam was parallel to the valve apical axis, the PJ beam was 

not observed anymore at its rear side but rather shifted to occur inside the valve 

face—as suggested by the simulations—combined with a faint tail on the rear side. 

In literature, similar results have been reported for a dielectric elliptical 

microcylinder [297]. 

 

 
 

  

 

 

 

 

 

 

 

 

 
 

 
 
 
Fig. 5.11. Experimental results show the dependency of the generated PJ length and position 
on the valve rotation under a left-hand side-illumination (λmax ≈ 660 nm). These valves were 
extracted from Fig. 5.10d, the background was subtracted, and the contrast was enhanced 
to disclose the PJ beam. The associated 2D simulation results for the wave propagation (in-
plane E field) across a 2D model representing the GP valve face at λvacc = 660 nm show 
comparable results while rotating the 2D model under the same simulation conditions. The 
color code ranges from black (1 V/m) over purple/red (2 V/m) to yellow (3 V/m), only 
emphasizing the enhanced field (ENorm > Einput), while the black areas indicate ENorm ≤ Einput, 
where Einput = 1 V/m. 
 

The cylindrical Aula valves (of diameter 9 – 28 λmax,660 and height 4 – 9 

λmax,660) showed a distinct diffraction-driven focusing behavior, as the examples 

shown in Figs. 5.10e and f. Fig. 5.12 illustrates an example of observing the focusing 

behavior of Aula valve at different focal planes. For the valve in focus (z0, which in 

this case is approximately at the middle of valve height), the light seemed confined 
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within the cylindrical mantle, besides the frequent presence of two brighter spots; 

one on the rear side of the front wall facing the light source (to partially occur inside 

the valve) and the other on the back wall (to partially occur outside the valve). The 

two spots followed the direction of incident light. With defocusing, besides the 

divergence of the scattered light, the bright spot at the back wall gave a distinct PJ 

beam at the rear side above the valve, indicated by the white arrow at z4 (Fig. 5.12). 

This likely means this beam has a curvature upward. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.12. An example of the focal-plane dependence of the observed focusing by Aula valves 
after being illuminated from the side. All micrographs are for the same valve (2rv ≈ 12 µm, 
having its inner valve face upward) illuminated from the left-hand side (λmax ≈ 660 nm) 
without a tilt of the light source (ϴinc = 90°) but at different focal planes (zi). Each step on the 
z-axis is ≈ 1.4 ± 0.1 μm. The intensity scale is a grayscale value only associated with the side-
illumination micrographs. The trans-illumination (from the Halogen lamp, 20 W) was 
employed to visualize the valve position before turning it off to capture the scattered light 
by the valve upon side-illumination.  
 

In the following subsection, the contribution of the distinct structural 

features of Aula valves to their focusing behavior will be demonstrated while 

revealing the dependencies of their focusing on the incident light wavelength, valve 

rotation, and orientation on the substrate. 

 

5.3.2.   A deeper analysis of the side-illumination of Aula valves 

Before demonstrating the simulation results for the Aula valve, let us first consider 

the case of a dielectric solid microcylinder of the same dimensions as an Aula valve 

but without ultrastructure and without being hollow (Fig. 5.13a). In literature, the PJ 

generation by solid dielectric microcylinders has already been numerically and 

experimentally studied (e.g., [298,299]). When this microcylinder is illuminated from 

the side with a collimated beam, previous studies demonstrated that—besides the 

light scattering—a PJ beam will be generated at the rear side along its optical axis. 
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The 2D simulations could give a representative illustration of this behavior, as shown 

in Fig. 5.13 (assuming an x-polarized beam illuminating a 3D microcylinder). The 

parameters of the PJ beam are expected to depend on parameters such as λvacc and 

∆n (see subsection 4.3.5, Chapter 4), as well as the microcylinder size [299]. The 

simulation results in Fig. 5.13b show the dependency of the PJ generated by CShor,c 

on λvacc. This includes increasing the beam FWHM with increasing λvacc, concurrently 

with decreasing the ENorm strength and the distance between the beam and the CS. 

 

 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.13. (a) A sketch shows the side-illumination of a silica solid microcylinder (of the same 
dimensions as an Aula valve) alongside the extracted CSs. The longitudinal (CSlong,c) and 
horizontal (CShor,c) CSs have the same dimensions as CSlong,1 and CShor,1, respectively. 
Assuming the incident beam on the 3D microcylinder has x-polarization, its electric field 
component oscillates on the x-axis (perpendicular to the y-axis, the propagation direction), 
which means that it oscillates in-plane the 2D horizontal CS and out-of-plane the 2D 
longitudinal CS. (b) the numerical analysis results of the 2D CSs at different λvacc. The FWHM 
of the PJ beam generated by CShor,c is about 570 nm, 650 nm, or 700 nm for λvacc 470 nm, 590 
nm, or 660 nm, respectively. The color code is given in V/m units. 
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Back to the Aula valve, it can be seen as a hollow microcylinder distinguished 

by its ultrastructures, such as porosity, spines, and ringleist. Under side-illumination, 

these ultrastructures are expected to contribute to its diffraction-driven focusing 

behavior. Such contribution was already evident in the case of trans-illumination 

(see section A.12, Appendix A). The 2D simulation results for the side-illumination of 

Aula valve CSs are shown in Figs. 5.14 and 5.15, assuming an x-polarized beam 

illuminating the 3D Aula valve, where E field oscillates out-of-plane CSlong,i and in-

plane CShor,i (similar to the case of solid microcylinder). 

 

 

  

 

 
  

  

 

 

 

 

 
 
 

Fig. 5.14. Simulation results for a wave propagation (out-of-plane E field) across CSlong,1 and 
CSlong,2 of Aula valve at three different λvacc in the air. CSlong,i represents z-y plane in the 3D 
valve. The color code is given in V/m units. 
 

The side-illumination of CSlong,1 and CSlong,2 yields a complex interference 

pattern (Fig. 5.14). The PJ beam observed at the optical axis of the rear side of CSlong,c 

(Fig. 5.13b, right side) becomes unclear at most wavelengths (i.e., undistinguished 

from the background Einput) in Aula longitudinal CSs. Alternatively, an intense PJ 

beam is observed at the rear side of the mantle wall fronting the incident wave (to 

occur inside the CS), resulting from the interference of inner diffraction fringes, 

which are formed by the interference of the transmitted wave through the mantle 

and the diffracted waves by the spines and collum (Fig. 5.14). A pronounced 

enhancement of a few edge diffraction fringes above and below the CSs is also 

observed. As previously explained in Chapter 4, the pattern and intensity of the edge 

diffraction fringes in such complex structures are influenced by the dimensions and 

geometry of the edges fronting the illumination source (in this case, the collum and 

spine edges) and by the waveguiding behavior (in this case, through the porous valve 

face and ringleist). 

In contrast to the longitudinal CSs, the PJ is clearly visible at the rear side of 

CShor,1 (representing the porous valve face, Fig. 5.15), generated by the interference 
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of the transmitted wave across the CS, and the waves diffracted at its boundaries. 

The presence of areolae influences this beam by affecting the transmitted wave, 

which is evident when comparing the pattern and intensity of the beam in the 

presence (Fig. 5.15, CShor,1) and absence of areolae (Fig. 5.13b, CShor,c). In the case of 

CShor,1, the pattern and intensity of this beam show dependencies on λvacc (Fig. 5.15) 

and CS’s rotational angle (see Fig. 5.16), which are associated with the presence and 

symmetry of the areolae. Fig. 5.16 shows that at λvacc 660 nm the PJ is mainly 

generated in the reflectance at specific rotational angles. Such behavior is repeated 

each 60° when increasing the rotational angle from 0° to 360°, consistent with the 

expected six-fold symmetry of this finite 2D hexagonal photonic crystal. The 

influence of lattice defects—frequently occurring in the Aula valve face—on the 

rotational dependence of the generated PJ beam at λvacc 660 nm is demonstrated in 

Fig. A.20 (Appendix A). It should also be noted that the diameter of CShor,1 influences 

the generated PJ (see Fig. A.21, Appendix A), as predicted from the literature. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.15. Simulation results for wave propagation (in-plane E field) across horizontal CSs of 
Aula valve at three different λvacc in the air. CShor,i represents x-y plane in the 3D valve. The 
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color code is given in V/m units. The PJ beam generated by CShor,1 is more pronounced at λvacc 

= 660 nm and is substantially reduced at λvacc = 470 nm. 
 

Moreover, CShor,4 (representing the ringleist) does not show a PJ beam; 

however, it shows bright diffraction-driven spots at its rear side at different λvacc (Fig. 

5.15), resulting from the interference of the transmitted wave by the CS (which 

influenced by the presence of a hollow area filled with air at its center) and the 

diffracted waves at the boundaries. 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5.16. Rotating the lattice planes (a1, a2, and a3) of CShor,1 at λvacc 660 nm (in-plane E field) 
in air causes changes in the position and intensity of the generated PJ beam. The white 
arrows indicate the formation of a PJ beam mainly in the reflectance each 60°. The color 
code is given in V/m units. 
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Furthermore, the interference patterns of CShor,2 and CShor,3 (representing the 

mantle) also do not show a PJ at their rear side (Fig. 5.15). The diffraction-driven 

focusing spots observed at the rear side of CShor,3 are not bright and become unclear 

(< Einput) at most wavelengths. Interestingly, a small focusing spot is observed inside 

CShor,3 but opposite to the rear side. It is also worth mentioning that the presence of 

areolae within CShor,2 produces a grid-like structure that (i) increases scattering, (ii) 

induces a Talbot interference pattern inside the CS (Fig. 5.15), and (iii) is expected to 

enable guided-mode resonance (GMR) to couple the light at specific ranges of λvacc 

into the cylindrical structure, which is not investigated in this chapter. 

From the simulation results, we can conclude that if an Aula valve is 

embedded in a homogenous medium (e.g., suspended in air) and illuminated from 

the side, a diffraction-driven focusing (likely a PJ beam) will be induced inside the 

valve at the rear side of the mantle's front wall, similar to the observations in Fig. 

5.14. A PJ beam is also expected at the rear side of the mantle's back wall, with 

significant contributions from the porous plate and ringleist, which terminate the 

outer and inner valve faces, respectively. Nevertheless, the influence of edge 

diffraction at the spines or collum facing the collimated beam, as well as the 

waveguiding behavior of the porous plate and ringleist, will lead to changes in the 

beam profile and exact position.     

In the experiment, the valves were laid on a substrate, which is expected to 

affect their edge diffraction fringes (and likely the diffraction-driven focusing 

behavior) if compared to the valves suspended in a homogenous medium. Even the 

orientation of the valve on the substrate (having either the inner or outer valve face 

fronting the objective) is expected to produce a different response to the side-

illumination, which was confirmed in the experimental results (see the examples 

shown in Fig. 5.17). 

From the experimental results, when the outer valve face was upward (e.g., 

Fig. 5.17a), the PJ beam—observed at an estimated position around z4—showed 

similar results to the simulation results of CShor,1, where the beam was more 

pronounced at λmax 660 nm and much reduced at λmax 470 nm. When the inner valve 

face was upward, such changes to the PJ beam were not observed. This behavior was 

reproducible among different valves, as can be seen in Fig. 5.17b for the case of the 

blue LED. In both orientations, the beam seemed curved upward. It seems that the 

PJ generated by the outer valve face (or inner face ringleist) merged with the edge 

diffraction fringes above the valve (as suggested by the simulation results of CSlong,1 

and CSlong,2) to yield the experimentally observed PJ beam. 

At z0, the bright spot observed at the front wall of the valve at different LEDs 

(e.g., Fig. 5.17a, indicated by the blue arrow) is likely associated with the inner 

diffraction-driven focusing shown in the simulation results of CSlong,1 and CSlong,2 (see 
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Fig. 5.14). Nevertheless, the experimentally observed spot might also be a result of 

backscattering.  

Additionally, some rare experimental observations (see Fig. A.22, Appendix 

A) showed the PJ mainly in the reflectance, while in other few cases, the obtained PJ 

seemed tilted or emerging from a different place. Such observations might support 

the numerical analysis results shown in Fig. 5.16, despite the imperfections and 

defects that is present in the real Aula valve compared to the perfect hexagonal 

lattice of CShor,1. In general, the observed rotational and wavelength dependencies 

could be evidence of the PC features (specifically the presence of a pseudo bandgap) 

of the Aula valve face; however, further investigation is required to confirm that. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.17. (a) Experimental results show the influence of λmax (by using three different LEDs) 
on the diffraction-driven focusing behavior of an Aula valve (2rv ≈ 13 µm, having the outer 
valve face upward, selected as an example) under left-hand side-illumination. Zbest is 
estimated to be around z4. (b) Experimental results show the focusing behavior of two 
different Aula valves having different dimeters (2rv for the left valve ≈ 17.3 μm and the right 
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valve ≈ 13.7 μm) and orientations, both illuminated by the blue LED. z4 is about 5.6 ± 0.4 μm 
above z0 on the z-axis. 
 

5.4. Further discussions 

Generally, the obtained results—If added to the observations demonstrated in 

Chapter 4 as well as the literature (see subsection 1.2.4, Chapter 1)—support the 

assumption that diffraction-driven light focusing could be a more widespread 

phenomenon among diatom genera and species than thought before. From the 

results, it can be concluded that when the whole valve is in the mesosize range 

(relative to the incident light λ), it could induce diffraction-driven focusing behavior, 

regardless of light source direction (i.e., if illuminated from the side or normal to its 

surface), as in the case of Aula (see Fig. 5.8 and subsection 5.3.2) and GP (see Fig. 

5.4 and Fig. 5.11) valves. Such a conclusion can be extended to the frustules. If the 

whole frustule is in the mesosize range, it could also induce such focusing behavior 

(see, for example, the simulations of GP complete frustule in Chapter 4). 

Moreover, regardless of the valve/frustule size, the diffraction-driven 

focusing could also be induced by various integrated mesosize ultrastructural 

features, including the presence of thickened areas within the valves of some 

pennates, such as the stauros or nodules, as the examples shown in Figs 5.5 – 5.7 

(under trans-illumination) and Figs. 5.10b–c (under side-illumination).  

Furthermore, in the case of large centric valves (CR, Acto, Cosc) with a hyaline 

area (which is a nonporous, not necessarily thicker area, and of mesosize), the 

interference pattern and the diffraction-driven focusing seems more complicated 

with multiple diffraction contributions. For example, the focusing behavior of CR 

valves under trans-illumination (Fig. A.18, Appendix A) could be attributed to the 

complex interference of the light transmitted through the valve—maximized at its 

hyaline area—and light diffracted by the mesosize areolae, valve’s mantle, and its 

mesosize hyaline area’s boundaries. While under side-illumination (Fig. 5.10a), the 

focusing behavior may be further affected by a complex waveguiding behavior across 

the flat and curved parts of the valve.  

The experimental techniques employed in this chapter successfully enabled 

the revealing of the diffraction-driven light focusing behavior induced in the Fresnel 

zone of diatom valves. In future, these techniques could facilitate screening valves of 

many diatom species for application purposes. However, some constraints should be 

considered. Spatially resolving fine features of the interference pattern depends on 

the objective (magnification and diffraction limit), the image sensor, and imaging 

parameters (such as exposure and gain) used.  

It should be noted that the grayscale camera, while being effective, cannot 

provide spectral information in the trans-illumination study. Therefore, introducing 



 

110 
 

micro-spectroscopy to the experimental setup would reveal the spectral information 

of the transmitted light. It is also worth noting that the tungsten-halogen lamp 

utilized in the trans-illumination study could be replaced by a monochromatic light 

source (or employing optical filters, as has been carried out in [139]) to study the 

dependency of the focusing behavior on λ, when necessary. Additionally, the 3D 

reconstruction of the obtained 2D micrographs (considered as consecutive 2D slices 

across the interference pattern on the z-axis) could also be carried out to retrieve 

and visualize the full interference pattern in transmittance, similar to what has been 

done in [135,137].   

The following subsections discuss the relevance of the light-focusing 

capabilities of diatom valves to applications (5.4.1) and diatom frustules to the 

photobiology of living cells (5.4.2). 

 

5.4.1. The relevance to applications 

Focusing light on the microscale is vital for developing and miniaturizing optical 

devices, such as imaging systems [170]. Seeking that, different types of microlenses 

[169], mesosize structures [189] (especially microspheres and microcylinders), and 

metalenses [170,171] have been fabricated and utilized. For a range of applications 

(for instance, the fabrication of optical devices and integrated photonic circuits), 

diatom valves could offer a promising eco-friendly, cost-effective alternative to 

artificial structures. Such valves can be utilized in applications either separated (e.g., 

to be fixed on an optical fiber or a specific position on a photonic circuit) or by 

constructing an array of valves comparable to the fabricated arrays of microlenses 

[169,300]. 

The pennate valves with integrated mesosize structures, as well as the centric 

valves with hyaline area, could be promising for applications to focus light under 

trans-illumination. Moreover, the presence of consecutive focusing spots on the z-

axis, as in the case of Aula valves (e.g., Fig. 5.8 and section A.12), enables utilizing 

such valves in optical switching, as has been suggested for the valves of 

Coscinodiscus granii by Maibohm et al [133]. While the mesosize valves (such as GP 

and Aula valves), which generate PJ beam at their rear when illuminated from the 

side, could be promising for some applications, such as coupling the light at a specific 

position in a photonic circuit. Nevertheless, the influence of waveguiding, especially 

in valves having pore arrays with potential PC features (such as the Aula valves), 

should be considered.           

In general, the diffractive nature of this focusing would lead to chromatic 

aberration under white light illumination (see Fig. 2.5b, Chapter 2), which should be 

considered in applications. Additionally, the influence of competing optical 

phenomena in the Fresnel zone (such as the Talbot effect, as discussed for the GP 
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valve in Chapter 4) should also be considered when selecting a valve for a given 

application that employs a defined spectral range.  

  

5.4.2. The relevance to photobiology 

In the literature, some photobiological roles of diatom frustules have been 

hypothesized (see subsection 1.2.6, Chapter 1). One of the hypothesized functions is 

their ability to induce diffraction-driven focusing for the photosynthetic active 

radiation (PAR) inside the living cells (close to chloroplasts), hence improving the 

photosynthesis efficiency [139–141]. That is often suggested combined with having 

different mechanisms to shield from harmful UV radiation, high intensity, as well as 

excess energy dissipation [36,37,139,156], which simultaneously help minimize 

photoinhibition. Moreover, as already hypothesized in Chapter 4, the assumed 

photobiological roles are not only limited to the photosynthesis process but also 

might be involved in light sensing and signalling mechanisms. Here, a light-sensing 

mechanism in pennates is proposed based on the results obtained in Chapter 4 and 

this chapter (see below).  

It should, however, be noted that experimental studies are required for the 

complete frustules, with living cells inside and immersed underwater, to validate 

different hypotheses and assumptions. This would help to find out (i) whether the 

focusing behavior is still present in the case of living cells (which have additional 

organic layers lining the frustule from both inner and outer faces [57,103]), (ii) the 

localization of the focusing spots with respect to the living cell (inside and outside 

the cell), (iii) the possible presence of photoreceptors capable of sensing such 

focusing behavior, and finally (iv) the biological functions that might be regulated as 

a result of such light sensing. 

 

A hypothetic light-sensing mechanism in pennates 

The diatom living cells—like any living organism—can sense the surrounding 

environmental conditions and respond to different physical and chemical signals 

[44,301]. Light is a crucial factor affecting diatom growth and physiology as being 

photosynthetic microorganisms. Therefore, diatom living cells are expected to have 

photoreception mechanisms, sensing the light and its spectral composition. Different 

photoreceptors have already been identified through proteomic and genomic 

studies in diatoms, including Cryptochromes, Phytochromes, Aureochromes, and 

Rhodopsins [302]. Some of these photoreceptors were transferred to diatoms (from 

different ancestors) during evolution as they are also found in other living organisms, 

including plants and bacteria, while some of them are unique for diatoms [302].  

Interestingly, the identified types of photoreceptors could cover the solar 

spectrum (see Figure 1 in [302]) and probably help regulate different physiological 
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processes (see, for example, Table 1 in [302]). Many of these photoreceptors are 

found located inside the chloroplast, the nucleus, or free in the cytosol (i.e., the 

cytoplasm free of organelles), except for Rhodopsins that are often found integrated 

with cellular membranes, including plasma membranes [302]. It should be noted 

that, among other diatom photoreceptors, studies on Rhodopsins are scarce, and 

their mode of action or localization inside diatom living cells, as well as their 

abundance in different diatom genera/species, remain unknown [302].  

As can be understood from the simulations results of GP complete frustule 

(see section 4.4, Chapter 4), the presence of the nodules or other integrated 

mesosize structures within pennate valves would lead to the occurrence of 

pronounced PJ inside the living cells associated with these structures, which would 

also follow the direction of incident light (Fig. 4.20a, Chapter 4). Moreover, the 

simulation results demonstrated in section A.16 (Appendix A), suggested that the 

strength of the generated PJ—although being attenuated underwater—can be tuned 

and increased at visible light wavelengths by increasing the thickness of these 

mesosize structures.  

 

 

 

    

 

 

 
 

 
Figure 5.18. A sketch showing a pennate cell (2D CS in a GP frustule is used here as a model, 
but with adding the apical nodules) in two different orientations. The light, regardless of its 
direction, could generate a PJ beam at the central and apical nodules. The generated PJ 
beam might be perceived directly by the photoreceptors in the nucleus/chloroplast/cytosol 
or, instead, an imaginary network of photoreceptors (specifically Rhodopsins that could 
sense blue-green wavelengths [302]) present on the plasma membrane. 
 

Fig. 5.18 sketches an example of the proposed PJ-based sensing mechanism 

for the light direction and probably the spectral information, which might give the 

cells the ability for primitive vision. The generated PJ beam could affect both the 

optical near-field in positions adjacent to the valve (influencing photoreceptors that 

may be arranged on the plasma membrane of the cell, such as Rhodopsins) and 

Fresnel zone inside the cell (influencing photoreceptors that may present in 

chloroplast, nucleus, or cytosol). The proposed mechanism is comparable to the 

mechanism suggested for the spherical cells of cyanobacterium Synechocystis sp. 

[293,294]. The illumination of these cells generates PJs at the shadow-side, which 

are perceived by a hypothesized well-distributed network of photoreceptors fixed on 
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the plasma membrane, triggering a cellular signal transduction cascade ending by 

the flagella movement toward or outward the light (see Figure 5 in [293]). However, 

unlike Synechocystis sp., the motility in raphid pennate diatoms is not involving a 

flagellum but rather gliding motility through the secretion of mucilage from the 

raphe slits [303,304]. The hypothesized sensing mechanism might help to explain the 

regulation of mucilage secretion through the raphe fissure and, hence, the 

phototaxis (i.e., light-induced movements [44,304]) in pennates, which involves a 

signal transduction pathway that is still unknown [303]. 
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In the literature, the optical near-field of the valves of pennate diatom Nitzschia 

filiformis and centric diatom Cyclotella sp. have been recently experimentally studied 

using a-SNOM setup operated in the illumination mode [126,305–307]. This mode 

may provide information regarding the coupling efficiency of the evanescent field 

emanating from the nanoaperture of the SNOM probe to the valve. Still, the 

collection mode could offer valuable information unparalleled in the illumination 

mode (as mentioned in section 2.5, Chapter 2), and it has not been used yet in the 

literature to study the optical near-field of diatom valves.   

In this chapter, the optical near-field of GP and Aula valves was 

experimentally studied, employing a-SNOM in both illumination and collection 

modes, as demonstrated in section 3.4 (Chapter 3). Moreover, the experimental 

results were compared to the 2D numerical analysis results where possible. Detailed 

geometrical descriptions of GP and Aula valves are already provided in Chapters 4 

and 5, respectively. It should, however, be noted that GP valves studied here 

belonged to a subculture of the same strain (see Fig. A.10, Appendix A).  

 

6.1. SNOM measurements of GP valves 

The SNOM images in Fig. 6.1 reveal the optical near-field interference patterns at the 

outer face of a selected GP valve in illumination and collection modes. The shear 

force image (Fig. 6.1a) shows that the outer valve face is almost planar with 

curvature at the edges, as expected from the FIB-SEM and SEM analysis carried out 

in the previous study (Chapter 4 and Ghobara et al. [261]). It should, however, be 

noted that there was a remnant of organic debris over this valve.  

The interference pattern appeared at green laser (λexc = 532 nm) showed 

more features per length scale compared to that was observed at NIR laser (λexc = 

808 nm) (Figs. 6.1b-c vs. Figs. 6.1d-e). At first glance, both illumination and collection 

modes seemed to have the same interference pattern; however, the collection mode 

showed distinct features at green laser. In both cases, there was a dark contour 

(indicating an attenuation of the transmitted light intensity) surrounding the valve, 

associated with the mantle position, and alternating with a bright contour at the 

edge of the valve face. In the case of NIR, another pronounced dark contour was 
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observed inside the valve face (Figs. 6.1d-e). Interestingly, additional bright rings—of 

subwavelength features—alternating with darker ones were observed at the valve 

face in the collection mode at green laser (Fig. 6.1c). This pattern was likely 

associated with the evanescent component of guided waves inside the valve face. In 

the case of illumination mode, a similar pattern can be seen, but not clear (or hazy), 

which can be associated with the waves scattered at the valve face and not the 

evanescent component, as this mode, unlike the collection mode, cannot provide 

information regarding the evanescent waves at the surface (Fig. 6.1b).  

 

 

 

 

   

 

 

 

 

 

 

 

 

Fig. 6.1. SNOM shear-force image of a GP valve showing its outer face upward (a). SNOM 
optical images showing the optical response of this valve at green laser in illumination (b) 
and collection (c) modes, and at NIR laser in illumination (d) and collection (e) modes. The 
intensity scales are given by integrated counts. The length scale bars have an estimated error 
up to ± 10%. The raw SNOM images were acquired by Professor Paul Fumagalli. 
 

Fig. 6.2a shows the analysis of what seemed like guided waves, which were 

not clear across the whole valve face. The intensity of the bright fringes was damping 

toward the valve center, and the spacing between the bright fringes dfr was about 

260 ± 20 nm (equals about λexc/2). The position of the bright fringes likely does not 

match the striae position, which has a row of areolae with a spacing da of 214 ± 8 nm 

(see Table 4.1), but rather the ribs (see Fig. A.25, and further Fig. A.30, Appendix A).  
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Fig. 6.2. (a) The normalized line profiles of the interference pattern that appeared in the 
collection mode at green laser. The normalized intensity for profile 2 is shifted by 2 units, 
and for profile 3 by 4 units to visualize them. (b) The normalized line profile extracted from 
the bright spot at different modes and laser wavelengths. The insets in (a) and (b) show the 
position of line profiles in the optical images. 
 

Moreover, at green laser, two bright spots were observed close to the valve’s 

apexes, which became unclear in the case of NIR. Fig. 6.2b shows line profile analysis 

of the observed spots. At green laser, these bright spots had a subwavelength 

FWHM of 327 ± 6 nm in illumination mode and 233 ± 18 nm in collection mode. 

Interestingly, these two bright spots were also observed in the far-field results (see 

Fig. 5.4a, green arrows at z0) and could likely be correlated with the increased 

thicknesses at the valve apexes (Fig. A.25, Appendix A), which may indicate the 

presence of apical nodules.  

Fig. 6.3 demonstrates SNOM optical images in illumination and collection 

modes of a selected GP valve with its inner face upward, as elucidated from its shear 

force image (Fig. 6.3a). The girdle band was still attached to this valve. The shear 

force image shows a variation in the inner valve face thickness (Fig. 6.3a) as expected 

from FIB-SEM analysis (see, e.g., the 3D reconstructed valve in Fig. A.25, Appendix 

A). The Nodule zone has a higher thickness, followed by the sternum area and ribs, 

respectively.  

Also in this case, the interference pattern that appeared at green laser 

showed more features per length scale compared to that observed at NIR (Figs. 6.3b-

c vs. Figs. 6.3d-e), the same observation as the outer valve face. At this orientation, 

the SNOM optical images of both illumination and collection modes had a similar 

interference pattern with no significant difference. At green laser, the dark contour, 

previously observed at the outer face and associated with the mantle (Fig. 6.1), was 

reduced here (Fig. 6.3). Alternatively, the ribbed structure of the mantle (see Fig. 

A.25) was preserved in the optical images (Figs. 6.3b-c). At NIR laser, dark/bright 

contours were still observed (Figs. 6.3d and e), while the mantle ribbed structure 

was suppressed.  
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Fig. 6.3. SNOM shear-force image of a GP valve showing its inner face upward (a). SNOM 
optical images showing the optical response of this valve at green laser in illumination (b) 
and collection modes (c), and at NIR laser in illumination (d) and collection modes (e). The 
intensity scales are given by integrated counts. The length scale bars have an estimated error 
up to ± 10%. The raw SNOM images were acquired by Professor Paul Fumagalli. 
 

Moreover, at both green and NIR lasers, an enhancement was observed along 

the sternum, with an increased intensity at the central nodule zone (Fig. 6.3). Fig. 

6.4a shows the line profile analysis at nodule zone at different modes and laser 

wavelengths. The observed enhancement was associated with the PJ generation 

induced by the sternum and nodule zone. In the far-field results (Chapter 5), the 

enhancement associated with the sternum and nodule zone of GP valves was also 

observed starting from the valve face (see z0 in Fig. 5.4).  

Furthermore, the valve ribs were preserved in the optical images at the green 

laser, especially in the illumination mode (Fig. 6.3b). This feature was more evident 

in another valve imaged under similar conditions (Fig. 6.4b). That means at this 

orientation the transmitted light through a rib was higher than that transmitted 

through a stria (i.e., a row of pores), as demonstrated in Fig. 6.4c. Similar results 

were reported in D’Mello et al. [126]. Interestingly, no guided waves were observed 

at the inner valve face in the collection mode (Fig. 6.3c). The bright spots at the 

valve’s apexes were also observed from the inner face and were more visible at NIR 

laser (Figs. 6.3d-e). 
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Fig. 6.4. (a) The normalized line profile extracted from the bright spot at the nodule zone at 
different modes and wavelengths. The inset in (a) shows the line profile. (b) SNOM optical 
image showing the optical response of another GP valve showing its inner face upward at 
green laser in the illumination mode (at the top) and its shear force image (at the bottom). 
The length scale bars have an estimated error up to ± 10%. (c) the extracted line profiles at 
the same position—illustrated in (b)—from the optical and shear-force images. The raw 
SNOM images were acquired by Professor Paul Fumagalli. 
 

6.1.1. Numerical analysis of the illumination mode 

Due to the mechanism of generating images in the illumination mode (briefly 

explained in section 2.5, Chapter 2), the numerical analysis of this mode is not 

straightforward and cannot be fully simulated using the approach described in 

section 3.2.5 (Chapter 3). Nevertheless, this approach could still approximate how 

the SNOM probe in the illumination mode interacts with different parts of a GP 

valve.   

The simulation results demonstrate that the GP CSs could induce distinct 

interference patterns when illuminated by a nano-size local source, for example, as 

shown in Figs. 6.5 and A.26 (Appendix A). Such interference patterns are not 

observed when the local source illuminates the gelatine substrate underneath (Fig. 

6.5a). When the outer face of the CS is upward, the wave emanating from the local 

source is coupled and guided through it (Fig. 6.5b-c). Additionally, more features per 

length scale is observed at green λvacc if compared to NIR, which may explain the 

experimentally obtained interference pattern at green laser (Fig. 6.1b) if compared 

to NIR (Fig. 6.1d). 



 

119 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.5. Numerical analysis results of wave propagation (of an out-of-plane E) from a finite 
boundary (100 nm width) representing the SNOM tip's nanoaperture. The interaction of the 
local illumination source and the gelatine substrate (a). The interaction of the illumination 
source and different parts of CSlong,3 (b) or CSver,2 (c) that have their outer face upward. In all 
cases, the color code indicates ENorm, which is given in V/m units. The red and blue colors 
indicate maximum and minimum ENorm, respectively. 
 

In contrast, when the inner face of the CS is upward—having its outer face in 

contact with the substrate underneath—the coupling and waveguiding behavior is 

not observed (see, e.g., CSlong,3 in Figs. A.26a-b, Appendix A). That is noticed whether 

the substrate beneath the CS is gelatine (where nsub > nv, Fig. A.26a), or glass (where 

nsub = nv, Fig. A.26b). Such observation is associated with the changes in the medium 

(considered as the cladding) surrounding the CS (considered as the waveguide core). 

As already mentioned, to have guided waves inside a given core, the surrounding 

cladding needs to have a lower refractive index than the core. Therefore, having the 

gelatine layer or glass substrate (of nsub ≥ nv) directly adjacent to the outer face 

(without an air layer in between) breaks up the conditions for total internal 

reflection (TIR), and, thus, waveguiding. By removing the substrate and keeping the 

CS at the same orientation suspended in air (na < nv), the coupling and waveguiding 

behavior is restored (e.g., Fig. A.26c), as the core restores the TIR conditions. The 

latter yields a comparable result for the situation in Fig. 6.5b, where both the outer 

and inner faces are surrounded by air with the mantle acting as a spacer between 
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the core and the substrate. The waveguiding can also be restored by increasing nv to 

become higher than nsub (e.g., Fig. A.26d).  

These results could explain the hazy interference pattern observed at the 

valve face in Fig. 6.1b, which could indicate the radiative modes (propagated and 

detected in the far-field) associated with the waves coupled and guided inside the 

valve. Such interference pattern was not observed when the inner face was upward 

(Fig. 6.3b), similar to the conclusions from the simulation results. These results also 

suggest that the enhancement associated with the ribs, observed in Fig. 6.4b, may 

not be related to a coupling and waveguiding behavior through the ribs—that has 

been previously suggested for a similar observation in D’Mello et al. [126]—and 

might be associated with the physical constraints of the SNOM tip to scan at the 

depressed area of the striae compared to thick elevated ribs (see the height profile 

in Fig. 6.4c). Such physical constraints might reduce the coupling efficiency of the 

evanescent waves emanating from the nanoaperture to the valve where the striae 

occur, and, thus, reduce the transmittance at these pixels. Further interpretation of 

the experimental results needs a more sophisticated simulation approach that is left 

for future work.  

 

6.1.2. Numerical analysis of the collection mode 

In this subsection, the ability of the  2D simulations to predict and explain the 

experimentally obtained interference pattern in the collection mode is investigated. 

For this, the numerical analysis approach described in subsection 3.2.5 (Chapter 3) 

was employed. The situation of y-polarized and x-polarized waves (for the light 

waves propagating on the z-axis) were considered in the simulations, as 

demonstrated in Fig. 6.6a. This is because it was difficult to determine the 

polarization of the green laser reaching the valve, while the NIR laser reaching the 

valve was unpolarized (the optical fiber depolarized it). 

In general, the simulation results show that the interference pattern induced 

by the GP CSs in transmittance at λvacc = 532 nm was visually more intense and had 

more features per length scale compared to that obtained at λvacc = 808 nm, such as 

the examples shown in Fig. 6.6a vs. Fig. 6.7a (see also Fig. A.27a vs. A.28a). That is 

the same observation for the CSs suspended in a homogenous medium (Chapter 4), 

where the strength of the interference pattern was generally reduced with 

increasing λvacc. It should be, however, noted that sometimes the vertical line profiles 

extracted at the CSs’ interface at λvacc = 808 nm showed peaks of comparable (or 

even higher) intensity to those extracted at λvacc = 532 nm, associated with the 

mantle-coupled guided waves (e.g., Figs. 6.7c-b vs. 6.6c-b). It is also noticed that the 

interference pattern induced by a plane wave of an out-of-plane E is more intense 

than that of an in-plane E, as can be seen in, e.g., Figs. 6.6a and 6.7a. 
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Fig. 6.6. (a) The 2D simulation results for selected CSs (showing their outer face upward) at 
λvacc = 532 nm in air considering y-and x-polarizations. It should be noted that for the y-
polarized plane wave, the electric field oscillates out-of-plane the longitudinal CSs and in-
plane the vertical CSs. While for the x-polarized plane wave, the electric field oscillates in-
plane the longitudinal CSs and out-of-plane the vertical CSs. The color code is given in V/m, 
and the white color indicates Ebackground over gelatine substrate (= 1.187 V/m). The simulated 
wave was initiated from the bottom. Comparing the normalized vertical (b) and longitudinal 
(c) line profiles extracted from the experimental (blue trace on blue axes) and numerical 
data at comparable places in the valve at the optical near-field at λvacc = 532 nm. The black 
dashed lines in (a) indicate the position of the extracted line profiles from simulation 
domain. 
 

The mantle-coupled guided waves (reported in subsection 4.3.3, Chapter 4) 

are observed in the CSs showing their outer face upward, where the incident wave 

can be coupled into the CS through the mantle’s edges. That is evident for a plane 

wave of an out-of-plane E and clearer in the CSs without areolae, such as CSlong,2 and 

CSver,2 (Figs. 6.6a and 6.7a). When flipping the CSs over the substrate to have their 
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inner face upward, such behavior is not observed as the wave cannot be coupled 

anymore through the mantle’s edges (Figs. A.27a and A.28a). Even if the situation 

changed and the wave illuminated the CS from the top boundary (enabling again the 

wave to be coupled into the mantle), it is not expected to be waveguided inside the 

CS due to breaking the TIR conditions by having the substrate underneath, as 

mentioned in the previous subsection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6.7. (a) The 2D simulation results for the selected CSs (showing their outer face upward) 
at λvacc = 808 nm in air considering y-and x-polarizations. The color code is given in V/m. 
Comparing the normalized vertical (b) longitudinal (c) line profiles extracted from the 
experimental (blue trace on blue axes) and numerical data at comparable places in the valve 
at the optical near-field at λvacc = 808 nm. The black dashed lines in (a) indicate the position 
of the extracted line profiles from simulation domain. The black arrows indicate the peaks 
associated with the mantle-coupled guided waves.  
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Moreover, the PJ associated with the nodule and the sternum is observed in 

the relevant CSs, as expected. As also expected, neither the talbot interference 

pattern nor a grid-coupled GMR maximum is observed at λvacc 532 nm and 808 nm 

for the CSs having the grid-like element (Fig. A.29). 

Some of the general trends observed in the simulations can be clearly seen in 

the experimental results of the collection mode, such as (i) showing more features 

per unit length at green laser compared to that at NIR (Fig. 6.1c vs. e and 6.3c vs. e), 

(ii) the enhancement associated with PJ generated by the nodule and sternum (Fig. 

6.3c and e), and (iii) the presence of dark/bright contours associated with some 

diffraction fringes. There was also no evidence for the presence of a Talbot pattern 

or GMR. The talbot pattern would appear as an enhancement associated with the 

valve’s ribs at the optical near-field in the collection mode for wavelengths > 500 nm 

in air at normal incidence. The bright rings of subwavelength features observed in 

Fig. 6.1c may be evidence of the mantle-coupled guided waves (see also Fig. A.30, 

Appendix A). In contrast to simulation results, where the mantle-coupled guided 

waves appeared at both λvacc (see Fig. 6.6a and 6.7a), this behavior was only clear at 

green laser (Fig. 6.1c) and not observed in the case of NIR laser (Fig. 6.1e).  

As previously mentioned, the direct fitting of 2D simulation results to the 

experimental results is not straightforward. When the SNOM tip scans the valve 

surface in contact mode, it is not expected to be able to reveal all features and can 

only show the optical near-field. For example, the edge diffraction fringes outside 

the valve cannot be observed, as the tip returns to the gelatine substrate after 

passing the valve mantle, as demonstrated in Fig. A.31 (Appendix A). Another 

example is when the outer valve face is upward, the enhancement associated with 

the PJ generated by the nodule is not expected to be observed exactly at the surface, 

as it started a bit above the surface (see, for example, the profiles extracted at the 

outer surface of CSver,1 and CSver,2 in Fig. 6.6b). These two examples match the 

experimental findings (see Figs. 6.1c and e). Additionally, both the propagating 

(including diffraction fringes) and non-propagating fields were collected together at 

the SNOM nanoaperture and were not emphasized.   

Despite the challenges, the numerical results are—to a good extent—

comparable in magnitude (sometimes also in shape) to the experimental results, 

especially for vertical CSs at λvacc = 532 nm (Fig. 6.6b). Such agreement is not 

observed in the case of out-of-plane E simulation results at λvacc = 808 nm, where the 

magnitude of the peaks associated with the evanescent component of the mantle-

coupled guided waves was not observed in the experimental data (Figs. 6.7b and c). 

Despite that, a better agreement can be seen for the in-plane E simulation results. 

The out-of-plane E field numerical results were also able to a good extant expect the 

shape and magnitude of the PJ generated by the valve starting from the surface 

when its inner face is upward (see Figs. A.27b and A.28b). In all cases, the observed 
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discrepancy may be attributed to many factors, including the influence of SNOM tip 

shape and geometry, scan resolution, and the difference between 2D and 3D 

situations. 

 

6.2. SNOM measurements of Aula valves 

Fig. 6.8 shows the optical near-field interference patterns at the outer face of a 

selected Aula valve in illumination and collection modes at green laser. The 

ultrastructure of the valve face, including the areolae and spines, can be seen in the 

shear force image (Fig. 6.8a).  

The SNOM optical images for the whole valve were unclear and showed 

almost the same interference pattern, with a distinctive bright circular area at the 

valve’s center and a dark contour surrounding the valve (Figs. 6.8b and c). To 

disclose the finer features of the interference pattern, smaller areas of the valve 

were scanned separately at high resolution. By scanning the spines area, the dark 

contour was clearly revealed associated with the spines position (white arrows, Fig. 

6.8, spines), while bright fringes were observed within the valve face (blue arrows, 

Fig. 6.8, spines). The other positions (positions 2, 3, and center) showed 

subwavelength features (bright fringes alternative with darker ones) in the collection 

mode. It should be noted that the position of the observed bright/dark fringes did 

not follow the ultrastructure pattern. That was more evidenced at the center, where 

the defect observed in the shear force image (indicated by the yellow arrow in Fig. 

6.8) did not influence the generated bright/dark fringes. While the illumination mode 

showed a hazy interference pattern of bright/dark areas, which may indicate the 

radiative modes at the valve face. These observations are similar to that of GP valve 

with its outer face upward (Fig. 6.1).  

Fig. 6.9 shows the optical near-field interference patterns at the outer face of 

another selected Aula valve in illumination and collection modes at NIR laser. In this 

case, the dark contour associated with the spines was clearer and wider than that 

observed at the green laser. A few ring-shaped bright fringes alternative with darker 

ones were also observed within the valve face. A bright circular area (of reduced size 

compared to that at green laser) appeared approximately at the center of the valve 

face. Interestingly, these bright rings showed finer details in the collection mode (Fig. 

6.9c).  
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Fig. 6.8. SNOM shear-force image of an Aula valve showing its outer face upward (a). SNOM 
optical images showing the optical response of this valve at green laser in illumination (b) 
and collection (c) modes. The images at the right and the left showing the shear-force and 
the SNOM optical images of four selected smaller areas at the valve surface at green laser. 
The positions of these areas are indicated in (a). It should be noted that the Shear-force 
images show the actual scanned area for the illumination mode, while there was a slight 
shift in the case of collection mode (e.g., the positions of white and blue arrows in spines 
position). The yellow arrow indicates the defect occur at the center of this valve. The 
intensity scales are given by integrated counts. The length scale bars have an estimated error 
up to ± 10%. The raw SNOM images were acquired by Professor Paul Fumagalli.  
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Fig. 6.9. SNOM shear-force image of an Aula valve showing its outer face upward (a). SNOM 
optical images showing the optical response of this valve at NIR laser in illumination (b) and 
collection (c) modes. The intensity scales are given by integrated counts. The length scale 
bars have an estimated error up to ± 10%. The raw SNOM images were acquired by 
Professor Paul Fumagalli.  

 

6.2.1. Numerical analysis of the collection mode 

In this subsection, the 2D simulations are compared to the experimental results to 

see how far the 2D simulations could predict and explain the experimentally 

observed features of Aula valves. Fig. 6.10 illustrates the simulation results for the 

Aula longitudinal CSs, which show very complex interference patterns in the optical 

near-field. As illustrated in section A.12 (Appendix A), such complex interference 

patterns can be explained by disassembling the distinct optical elements.  

At λvacc = 532 nm, the fine interference pattern fringes, which appear at the 

outer face of CSlong,2, show contributions from the edge diffraction at its ringleist 

(indicated by the green arrows in Fig. 6.10a). The contribution from the grid-like 

element is also evidenced in CSlong,1, which shows a heavily deformed Talbot pattern 

(indicated by the black arrow in Fig. 6.10a). The deformation in the Talbot pattern is 

mainly attributed to the diffraction contributions from the ringleist. At λvacc = 808 nm, 

the grid-like element of CSlong,1 does not show the Talbot pattern anymore but likely 

approaches the bandwidth of its zero mode GMR (only for out-of-plane E wave). That 

is why a high intense ENorm is observed inside the CS face and at its optical near-field 

in that case (indicated by the black arrow in Fig. 6.10b). 
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Fig. 6.10. The 2D simulation results for Aula longitudinal CSs (showing their outer face 
upward) at λvacc = 532 nm (a) and at λvacc = 808 nm (b) in air considering y-and x-
polarizations. Unlike GP valve, there is no difference between x- and y-polarizations, due to 
the radial symmetry of the Aula valve. Therefore, the results here are shown for out-of-plane 
and in-plane E, without emphasizing the polarization state. The color code is given in V/m, 
and the white color indicates Ebackground over gelatine substrate (= 1.187 V/m). The simulated 
wave was initiated from the bottom. The black dashed lines indicate the position of the 
extracted line profiles from the simulation domain. 
 

Fig. 6.11a shows the comparison of the line profiles extracted from numerical 

and the experimental results at green laser at low resolution, which could only show 

that the normalized intensity magnitude of the experimentally obtained interference 

fringes is comparable to that of the numerical results. By increasing the scan 

resolution, some experimentally resolved features were to some extent comparable 

in shape and magnitude to the numerical results (Fig. 6.11a). Moreover, scanning 

smaller areas within the valve (with a higher resolution) shows a more interesting 

match (Fig. 6.11b). Fig. 6.11c shows the comparison of the numerical and 
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experimental results at NIR laser, where the normalized intensity magnitude of the 

brighter area at the valve center was comparable to that of simulation results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.11. (a) Comparing the normalized line profiles extracted from the numerical results at 
λvacc = 532 nm and the experimental data at green laser (blue trace on blue axes) for the 
complete valve at low resolution (extracted from Fig. 6.8c, the white dashed line) and at 
high resolution (extracted from Fig. A.32b). (b) Considering small areas of the valve face with 
high resolution gives a better match. The positions of the experimentally obtained lines 
profiles are illustrated below. (c) Considering the results at λvacc = 808 nm (extracted from 
Fig. 6.9c).  
 

In general, the numerically obtained bright/dark interference fringes can be 

visually linked to the bright/dark areas (fringes) observed in the experimental results 

of the collection mode at both wavelengths (Fig. 6.10 vs. Figs. 6.8c and 6.9c). 

Moreover, the numerical results suggest that the subwavelength interference fringes 

observed at green laser, which forming the bright circular area appeared at the valve 

center (Fig. 6.8c, see also center position), may be attributed to the overlapping of 

talbot fringes (which will have 2D pattern, as the pore array of the Aula valve face 

occurs in 2D) and the inner diffraction fringes mainly generated from the ringleist. 
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However, the experimental results suggested that the pore array did not influence 

this interference pattern (Fig. 6.8, center position).  Furthermore, the bright circular 

area appeared at NIR laser (Fig. 6.9c) may be attributed to approaching the zero 

GMR mode, as suggested by the simulations (Fig. 6.10b and 6.11c). Further 

investigation to zoom-in on the valve at NIR laser with higher resolution is still 

required and left for future work.  

 

6.3. Further discussions 

In this chapter, the optical near-field of the GP and Aula valves was experimentally 

investigated for the first time using a-SNOM operated in transmission configuration. 

The experimental results shown here can be added to the far-field experimental 

results obtained for these valves in Chapter 5 (see also sections A.10 and A.12, 

Appendix A), which revealed the optical features at the Fresnel regime zone of these 

valves, to have a broader picture of their light modulation capabilities.   

Although the illumination mode revealed some optical features of the 

studied valves, it cannot provide information on the non-propagating waves at the 

surface, as already explained in section 2.5 (Chapter 2). The results of this mode are 

an addition to the previous efforts reported in literature for the valves of other 

diatom species; the pennate diatom Nitzschia filiformis [126] and the centric diatom 

Cyclotella sp. [307]. In addition to illumination mode, the collection mode was used 

for the first time in this chapter, which enabled revealing interesting features, as can 

be seen in Figs. 6.1c, 6.8 (clear in scanning the smaller areas), and 6.9. These 

features included information on propagating (e.g., inner diffraction fringes, 

diffraction-driven focusing spots, and PJ) and non-propagating (i.e., evanescent 

component of guided waves) waves combined together. 

The 2D simulation approach developed for simulating the collection mode 

showed to a good extent the ability to explain and predict the general trends 

observed in the experimental results, as shown for GP and Aula valves. Despite that, 

there were limitations to the direct fitting of experimental and numerical results and 

to predict the actual interference pattern obtained in 3D. Some of these limitations 

are related to the scanning area and the associated resolution, as confirmed in the 

case of the Aula valve (clearly illustrated in Figs. 6.11a-b).  

Moreover, the results shown in this chapter offer interesting insights relevant 

to applications. Both valves were able to modulate light in the optical near-field and 

induce an enhancement in the local EM field (thus, higher Eloc), which could be 

promising for photonic and optoelectronic applications. Such a conclusion, if 

extended to the valves of other species, might explain their successful applications 

reported in the literature (see subsection 1.2.5, Chapter 1). In the case of pennate 

valves of similar geometry to the GP valves, their orientation over the substrate 
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seems to be crucial in determining their light modulation capabilities. Having their 

outer valve face upward may be more promising for optoelectronic applications due 

to the ability to couple light into guided waves across the surface, which may lead to 

a great enhancement for their Eloc, which will not be possible if the inner face is 

upward. Modifying the refractive index of the valve by doping/coating with other 

materials of higher refractive index could change this situation and enable 

waveguiding even if the inner valve face is upward (as shown in Fig. A.26d, Appendix 

A). Additionally, the illumination mode results also suggest that the light can be 

coupled and guided through a diatom valve if a nano-size local source illuminates the 

valves. 

Furthermore, the collection mode results for the GP valve confirmed that the 

enhancement associated with the sternum and the nodules occurs starting from the 

valve’s optical near-field. These results support the hypothetical photobiological 

relevance of these PJs discussed in Chapter 5 (subsection 5.4.2). However, the 

intensity of the generated PJs is expected to become lower inside the complete 

frustule under water (as seen in section 4.4, Chapter 4), but could still influence the 

hypothetical plasma membrane proteins occurring adjacent to the valve (in its near-

field). 

Finally, the collection mode can be employed in future work to also study the 

interference patterns at the Fresnel regime zone of diatom valves with very high 

resolution better than the diffraction-limited far-field techniques employed in 

Chapter 5. This has been carried out in literature for artificial structures (see, e.g. 

[241,242]).  This mode can also be used to study the waveguiding behavior and PC 

features of diatom valves/gridle bands.   
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The results shown in this chapter have been published in:  

Gilic, M.; Ghobara, M.; Reissig, L. Tuning SERS Signal via Substrate Structuring: 
Valves of Different Diatom Species with Ultrathin Gold Coating. Nanomaterials 
2023, 13, 1594, https://doi.org/10.3390/nano13101594. Used here under the 
terms and conditions of the Creative Commons Attribution (CC BY 4.0) license 
(https://creativecommons.org/licenses/by/4.0/). 
 

 

 

 

As already mentioned, employing diatom valves as substrates—after coating with a 

plasmonic material—for fabricating SERS-based sensors has already been 

investigated utilizing the valves of a few diatom species, mostly belonging to the 

genus Pinnularia [145,146]. Most of these studies focused on incorporating metallic 

nanoparticles (NPs) on top or within the pores of diatom valves. The achieved 

enhancement is often linked to the coupling of diatom valves’ GMR and the SPR of 

metallic NPs (see, e.g., Fig. 2.13b, Chapter 2). Fewer publications have considered 

metallic thin films to overcome some limitations of NPs [308,309]. The results of all 

studies are indeed promising. Still, more studies are needed to—among other 

tasks—understand the contribution of the valves’ ultrastructure to SERS 

enhancement and enable the screening of structurally distinct valves to select the 

valve that could give the best performance.  

In this chapter, the preliminary results reported in Gilic et al. [310] are 

summarized and discussed. In this paper, I prepared diatom samples and different 

SERS hybrid substrates (as described in subsection 3.5.1, Chapter 3). I also worked 

together with Dr. Martina Gilic to do the SERS measurements, mapping, and data 

analysis (see subsection 3.5.3). In this paper, three structurally distinct diatom valves 

(GP, CR, and Aula) were utilized to fabricate SERS hybrid substrates, which were 

compared under equal measuring conditions. These valves have already shown 

interesting light modulation capabilities in the previous chapters, especially GP and 

Aula valves. The utilization of metallic NPs as the plasmonic material—as has been 

done in most of the previous work [145]—was inappropriate in this study as it could 

create uncontrollable hot spots over diatom valves (resulting from the 

uncontrollable distribution of NPs), which may hamper revealing the SERS 

enhancement contributed by the valve ultrastructure. Therefore, a smooth ultrathin 

gold film—devoid of distinct NPs, islands, or voids as possible—was employed to 
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coat diatom valves (as described in subsection 3.5.1). It should be noted that 

optimizing and maximizing the SERS signal or fabricating an end-user sensor is not 

included here and is left for future work. 

  

7.1. Characterization of the obtained ultrathin gold film  

The obtained gold film over the reference substrate (i.e., without diatom valves) 

showed smoothness, homogeneity, and continuity, as evident by SEM and AFM 

analysis (Figs. 7.1a and b, respectively). The AFM analysis showed that the film has a 

root-mean-square (RMS) roughness of 0.54 nm. The film also showed good electric 

conductivity and excellent adhesion to the glass substrate, as we could not peel it 

out of the glass substrate using scotch tape. These properties are associated with the 

special bonding between the thiol group (-SH) of MPTMS and gold atoms (Au), which 

not only act as nucleation sites but also create a strong bond [311]. 

  

 

  

 

 

 

 

 

 

 

 

Fig. 7.1. (a) SEM and (b) AFM of the ultrathin gold film on the reference substrate. (c) the 
optical appearance of the film, and (d) its UV-Vis absorbance spectrum. The SEM was 
acquired by Dr. Martina Gilic, while the AFM as well as UV-Vis spectrum were obtained by 
Prof. Louisa Reissig and Dr. Martina Gilic together. This figure (except c) consists of modified 
and merged figures from Gilic et al. [310]. 
 

The obtained film is transparent with a greenish color (Fig. 7.1c). The UV-Vis 

absorbance spectrum of the reference substrate displays a minimum absorbance at 

532 nm and a maximum at 890 nm (Fig. 7.1d); the latter is likely associated with the 

plasmonic resonance of the film [312].  
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Fig. 7.2 shows the gold film obtained on the three structurally distinct diatom 

valves. The valves’ morphology and ultrastructure have been described in the 

previous chapters (see Chapters 4 and 5). These valves offered nanostructuring to 

the gold film associated with their ultrastructure, while the film roughness on top of 

the valves was kept as minimal as possible (lower than the gold film roughness 

reported in relevant literature [308]) thanks to the SAM layer introduced here. Most 

valves were coated homogeneously without blocking their nanofeatures. For 

instance, the fine ultrastructural features of GP valves—such as the crescent-like slit 

of pore occlusion—were preserved after depositing the gold film (Fig. 7.2b). 

Nevertheless, it should be noted that fewer valves showed imperfection in the gold 

film homogeneity (see, e.g., the inset in Fig. 7.2d).  

 

 

  

 

 

 

 

 

 

 
 

Fig. 7.2. SEMs show examples of the ultrathin gold film coating the structurally distinct 
valves compared to the reference substrate demonstrated in (a). The SEMs show a zoom in 
the gold film over GP (b), CR (c) and Aula valves (d). The inset in (d) shows a complete Aula 
valve with an inhomogeneity in the gold film thickness at its center, which is evident by the 
charging (indicated by the black arrow in the inset micrograph). The raw SEMs were acquired 
by Dr. Martina Gilic. This figure (except the inset in d) consists of merged modified figures 
from Gilic et al. [310]. 
 

7.2. Comparative analysis of the R6G SERS spectra obtained 
from the distinct substrates 

The SERS spectra generally show the characteristic vibrational bands of R6G reported 

in the literature [313–318], including peaks at around 610, 770, 1187, 1312, 1360, 

1508, 1600, and 1648 cm-1. The peak at around 610 cm-1 stands for C-C-C (xanthene 
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ring) in-plane bending, the peak at 770 cm-1 stands for C-H out-of-plane bending, the 

peaks at 1124 and 1180 cm-1 are associated with C-H in-plane bending, while the 

peaks from 1314 cm-1 to 1648 cm-1 are associated with the aromatic C-C stretching 

[313]. Some of these peaks were insignificantly shifted between distinct substrates, 

as can be seen in Fig. 7.3.  

 

 

 

 

 

 

 

 

 

 
 
Fig. 7.3. SERS spectra of R6G molecules (10-3 M) on distinct substrates under equal 
measuring parameters (λexc = 638 nm). The different spectra shown for each substrate—
having different colors—represent the reproducibility of the signal on different valves (or 
places in the case of the reference substrate). All spectra were acquired while the valve was 
at the best focus. In the case of diatom valves, the porous area was only considered for 
these measurements while avoiding the valves’ mantle. This figure is modified from Gilic et 
al. [310].  

 

 

 

 

 

 

 
 

Fig. 7.4. (a) The average SERS signal intensity of different R6G peaks obtained on the distinct 
substrates, calculated based on the spectra shown in Fig. 7.3. The error bars in (a) are 
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associated with the standard deviation, which indicates the signal reproducibility range 
among the valves of the same species (or different places in the case of the reference 
substrate). (b) The relative enhancement (compared to the reference) of the characteristic 
peaks for each substrate, calculated by dividing the average intensity of each peak (shown in 
Fig. 7.4a) by the average intensity of the same peak in the reference substrate. This figure is 
modified from Gilic et al. [310]. 
 

Generally, all the substrates employed diatom valves significantly improved 

SERS signal compared to the reference substrate (Fig. 7.3 and 7.4a). Nevertheless, 

the magnitude of this enhancement is likely specific for each species, thus its valve 

ultrastructure. As can be determined from Fig. 7.4a, the enhancement obtained on 

the substrates containing Aula valves was significantly higher than the others. In all 

cases, the highest peaks were observed for the vibrational bands at around 1360 and 

1508 Cm-1. Considering the relative enhancement (compared to the reference) of all 

characteristic peaks (Fig. 7.4b), the substrates containing GP, CR, or Aula valves 

showed a relative enhancement range of 5-7, 6-8, or 8-14 folds, respectively.  

 

7.3. The role of valve’s ultrastructure  

The substrate containing Aula valves showed a relatively uniform SERS signal 

magnitude over a large part of the valve face. While the substrate containing GP 

valves showed a very intense background associated with their mantle—despite 

applying the automatic flat correction—that obscured obtaining a good SERS signal 

at positions close to it. On the other hand, the substrate containing CR valves 

showed an apparent influence of their ultrastructure on the SERS signal magnitude, 

which was evident in their SERS maps. The periodic arrangement of areolae is—to 

some extent—preserved in the SERS maps, having the maximum enhancement 

emanating from the areolae (Fig. 7.5). Interestingly, inside the areolae—which can 

be considered as a chamber of an estimated depth ≈ 1 μm—there is a sieve of finer 

pores with diameters ranging from 50-100 nm. As illustrated in Fig. 7.2c, this sieve is 

also covered with the gold thin film that potentially may lead to stronger localized 

SPR and may explain the obtained result.  

In literature, it is often assumed that the coupling of GMR and SPR is the 

reason for the enhancement obtained from diatom-based SERS hybrid substrates 

(e.g., Fig. 2.13b, Chapter 2). As concluded from the previous chapters, the variation 

of valve ultrastructure could alter the associated light modulation capabilities, 

including λvacc,GMR of grid-coupled GMR (see subsection 4.3.7, Chapter 4), thus the 

expected contribution to the SERS enhancement. When looking at the ultrastructural 

parameters of studied valves, such as the pore size and spacing (see Table 4.1 for GP; 

Table 5.1 for CR; Table 5.2 for Aula), it can be logically concluded that at the same 

excitation laser λexc, these pore arrays cannot all support grid-coupled GMR (if can at 

all). Such a conclusion is supported by the 2D simulation results obtained by Dr. 
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Martina Gilic and demonstrated in Gilic et al. [310], which might partially explain the 

variability in the enhancement magnitude between distinct substrates. However, it 

should be noted that 3D simulations—considering the whole valve structure over the 

glass substrate—are required to approximate the actual λvacc,GMR (and the associated 

bandwidth). We should also consider that the SERS measurements were carried out 

using a small laser spot (not a plane wave of larger diameter) illuminating a finite 

part of the valve, which could change λvacc,GMR, as can also be concluded from Ren et 

al. [319]. Therefore, in future work, the 3D numerical analysis of the actual situation 

is required to investigate whether the GMR (and/or other optical phenomena) 

contribute to the SERS enhancement of distinct hybrid substrates. 

 

 

 

 

 

 

 

 

 

 
Fig. 7.5. A SERS mapping at three different intense R6G bands (at right) for a selected area of 
the hybrid substrate containing a CR valve, having its inner face fronting the objective (at 
left). This figure was acquired together with Dr. Martina Gilic.  
 

Finally, it should be noted that whether the valve initiated GMR or not, the 

presence and the size of pores in the hybrid substrate (which can be seen as cavities 

introduced to the gold thin film by the valves) could contribute to the obtained SERS 

enhancement through inducing and enhancing localized SPR (specifically the fine 

pores, such as the sieve in CR valves). That is evident in previous work on porous 

metallic films (e.g. [320]). Further, the pores give a larger surface area (compared to 

the smooth film without diatoms), where more dye molecules could be absorbed 

leading to signal enhancement as a result of increasing analyte concentration. These 

two reasons might explain why we can get enhancement even if we don’t initiate 

GMR and how this enhancement could be correlated to the valve’s ultrastructure.  
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This thesis aims to expand previous efforts and deepen our understanding of how 

light interacts with diatom valves/frustules, influenced by their size, geometry, and 

ultrastructure. Most previous works investigated only a single optical feature of 

diatom valves/frustules, by looking, for example, at their pore arrays (approximating 

it as PC slab), at their diffraction-driven focusing behavior, or their far-field 

diffraction grating behavior [36,44]. That approach has made progress in the field 

and revealed some features; however, considering the valves’/frustules’ structural 

complexity and the possible presence of other overlapped optical features is crucial 

for unveiling their limits in applications and their photobiological roles. Additionally, 

some studies only looked at the far-field light modulation abilities, while the most 

relevant phenomena to optoelectronic and photonic applications as well as 

photobiology are those occurring in the valve’s/frustule’s optical near-field and 

Fresnel regime.  

Following these thoughts, a novel approach was developed in Chapter 4, 

successfully offering an analytical understanding of the complex interference pattern 

that can be induced by illuminating the small-size GP valve/frustule. By employing 

the 2D FEFD numerical analysis, the presence of distinct optical phenomena, 

influencing the valve’s/frustule’s optical near-field and Fresnel regime zone and 

correlated with the presence of distinct optical elements, was evident. The relevance 

of some optical phenomena, such as PJ generation and Talbot effect, to diatoms 

were discussed for the first time. In the 3D complex structure, these phenomena 

overlap and compete with each other, depending on the incident λvacc and ∆n. Some 

of the observed optical phenomena have the potential to be employed in 

applications and might have photobiological relevance. At the end of this chapter, it 

can be realized that it is not only predicting light modulation abilities of GP 

valve/frustule (which was studied here for the first time) but also gives the potential 

to predict those of the valves/frustules of other structurally similar species and 

genera (i.e., other small biraphid pennates). It may even be extended to analytically 

understand the light modulation abilities of the valves/frustules of other dissimilar 

pennates, as well as centrics, by dissembling their distinct optical components and 

determining the relevant optical phenomena in the light of their structural 

parameters.  

 

Summary and Conclusions 
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In Chapter 5 more attention was paid to the colligative diffraction-driven 

focusing abilities of diatom valves, which have been reported in literature only for a 

few species. By employing far-field optical microscopy techniques, this chapter 

successfully illustrated the valves’ ability of a number of species of a wide range of 

geometries, ultrastructure, and sizes (some of which were studied here for the first 

time) to induce such behavior in their Fresnel regime zone. These findings confirmed 

the assumption that this phenomenon could be widespread among diatom species 

and genera. Through examining the trans-illumination results of GP valves, as well as 

other larger pennate valves, the analytical understanding reached in Chapter 4 was 

supported. Interestingly, the comparison of the 2D FEFD simulations to the 

experimental results, as shown in the case of GP and Aula valves (sections A.10 and 

A.12, respectively), illustrated that—despite the limitations—the 2D simulations can 

to a good extent predict the focusing behavior (including its magnitude) but may also 

predict other features of the interference pattern in the Fresnel zone, such as the 

destructive interference regions (see, e.g., Fig. A.17c). This chapter also shows, for 

the first time, the ability of structurally distinct diatom valves to induce focusing 

when being illuminated from the side. In all cases, the observed focusing could be 

generated through the interference of multiple diffraction sources within the 

valves/frustules and may be influenced by the waveguiding behavior of the 

mantle/girdle bands (under transillumination) and of the valve face (under side-

illumination).  The photonic crystal features of the periodic pore arrays may further 

influence such focusing behavior, as shown in the case of Aula valves.  

In Chapter 6, the interference pattern induced in the optical near-field of the 

GP and Aula valves was studied employing a-SNOM operating in trans-illumination 

configuration. Both illumination and collection modes were utilized in the study, the 

latter being used for the first time. The collection mode showed interesting 

subwavelength features in the GP valves at green laser, which may be attributed to 

mantle-coupled guided waves, observed in the 2D simulations of out-of-plane E 

wave propagation. The Aula valves also showed interesting subwavelength features 

in the collection mode that are not comparable in the illumination mode. In general, 

the 2D FEFD simulations showed an agreement with many features observed in the 

experimental results, while the discrepancies between the simulation and 

experimental results could be related to many factors, including the difference 

between 2D and 3D situations, the SNOM tip shape and geometry, the size and 

resolution of the scan (which was clear in Fig. 6.11, for Aula valves), and any 

structural variability between the simulation model and the measured valves.  

The results from Chapters 4, 5, and 6 highlight the importance of the thicker 

parts, such as the nodules, in photobiology. The generated PJs from these parts 

remain inside the frustule and may induce a light sensing mechanism that may 

explain phenomena, such as the phototactic in raphid pennates.  
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Moreover, when considering the pore arrays featuring the valves/girdle 

bands to investigate their possible PC features, many previous works assumed a 

specific lattice arrangement based on the bare-hand/-eye assignments, and often 

overlooking the structural complexity and the presence of additional periodicities 

and symmetries that could influence the associated PC features. For this, Appendix B 

offers a novel method to study the 2D periodicities and symmetries of pore arrays. 

By applying this method on a number of examples, the possible presence of distinct 

2D Bravais lattices was also evident. From the study, it is clear that the valves of 

some diatoms cannot be simply approximated to a PC slab due to the presence of 

additional symmetries. Such valves then can be seen as a merge of distinct smaller 

PCs. Future developments for this method are recommended to enable judging the 

perfection level in a more precise way.  

Furthermore, utilizing diatom valves in optical applications as an eco-friendly 

and likely cost-effective alternative to synthetic materials and structures can be seen 

as a major motivation to understand more about their light modulation capabilities. 

In this thesis, the incorporation of distinct diatom valves into optoelectronic and 

photonic devices has been preliminary investigated. In Chapter 7, a novel method 

has been developed to fabricate diatom-based SERS hybrid substrates with a smooth 

ultrathin gold film enabling study of the influence of the valves’ ultrastructure on the 

SERS enhancement magnitude. In future, this method could enable screening 

different valve designs (belonging to distinct species), seeking the design that 

contributes the best SERS enhancement for fabricating efficient diatom-based SERS 

sensors for commercial use. Additionally, Appendix C shows a preliminary attempt to 

incorporate diatom valves into organic MISM photodetectors. Still, more efforts are 

needed to enhance the process and choose a better method to incorporate these 

valves into such complicated devices. 

Finally, this thesis offers novel insights into understanding the light 

modulation capabilities of diatom valves/frustules, successfully answering some 

questions that have stood in the field for several years. The thesis also developed 

many novel numerical and experimental approaches that could facilitate future 

studies. The observations from both numerical analysis and experimental work 

raised many more questions. More understanding is still needed to complete the 

picture, prove the photobiology roles, and enable commercial optical applications 

based on diatom valves/girdle bands.    
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Appendix A: supplementary information  

A.1. Tools to study the morphology and ultrastructure of diatoms 

 

Table A.1. Major tools utilized to study diatom frustule morphology and ultrastructure. This 
table is modified from Manoylov and Ghobara [321]. 

 LM TEM SEM AFM FIB-SEM 
Applied on 

diatoms 
since 

The 1700s [322] 
The 1930s  
[323,324] 

The 1960s [324] The 1990s [325] 
The 2000s 

[326] 

Possible 
lateral 

resolution 

Abbe diffraction 
limit. 

 

Utilizing special 
kinds of lenses 

can enhance the 
resolution (e.g., 
down to 97 nm 

[327]). 

The resolution 
can reach below 

1 Å (= 0.1 nm) 
or even lower 

[328]. 

Details less than 10 
nm are often not 
resolved under 

most SEMs. 
 

Recently, an 
outbreak has been 
achieved to obtain 
a resolution below 

1 nm [329]. 

The resolution 
typically reaches 

below 1 nm. 

The resolution 
is dependent 

on the SEM and 
the ion beam in 

use. 

When 
should we 

use it? 

Observing the 
presence or 
absence of 

diatoms in a 
sample. 

 

Observing the 
general 

morphology of 
diatom 

valves/frustules. 
 

Identification of 
diatoms on the 

genus level. 

Observing fine 
ultrastructure 
(e.g., diatom 
mesopores 

[60]). 
 

Observing of 
thin cross-
sections in 

valves/frustules. 

 

Observing the 
outer 

ultrastructure 
including most 

porosity. 
 

Observing the 
overall 3D 

geometry and 
ultrastructure of 
valves/frustules. 

 

Identification at 
the species and 

subspecies level. 

Observing the 
3D topology of 

diatom 
valves/frustules 

with a nano-
resolution. 

Understanding 
the inner 

ultrastructure 
of diatom 

valves/frustules 
by cutting 

cross-sections 
through it. 

 

Observation of 
the siliceous 

elements 
structural 

relations within 
the frustule. 

 

Observation of 
the whole 3D 
ultrastructure 
of the frustule 

via the 3D 
reconstruction 

The 
Limitations 

Fine 
ultrastructure, 

below the 
diffraction limit, 

cannot be 
observed. 

 

The complex 3D 
structure often 

cannot be 
revealed (either 

the girdle or 

In some cases, 
the high energy 
electron beam 
may damage 

some sensitive 
samples. 

 

The electron 
beam cannot 

penetrate 
thicker parts in 
the valve, thus 

The samples must 
be coated with a 
conductive layer, 

which in turn could 
change the texture 

of the frustule 
silica and probably 

pore sizes. 
 

In some cases, the 
high energy 

electron beam may 

The frustules 
must be fixed to 

the substrate 
before 

measuring. 
 

A very sensitive 
tool with 

complicated 
precautions to 
be followed to 
get the desired 

The required 
device is not 

available for all 
diatom 

research 
groups. 

 

In some cases, 
this technique 
requires more 
sophisticated 

steps for 
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valve view is 
obtainable). 

only the thinner 
parts can be 

revealed. 
 

The complex 3D 
structure 
cannot be 
revealed 

damage some 
sensitive samples. 

 

Structures below 
the resolution 

limits cannot be 
observed, such as 
the very fine pore 
occlusions (below 

10 nm). 

results. samples 
preparation 

and more 
sophisticated 

work to 
reconstruct the 
frustule or its 

parts. 

 

 

A.2. Sample processing: 

A.2.1.  Hydrogen proxide (H2O2) treatment 

Hydrogen peroxide is often used by diatomists to gently digest the organic matter in 
living diatom samples [104,258,259]. Before the treatment, the diatom culture 
(containing diatom living cells) was ultrasonicated in an ultrasonic bath for 3 min to 
disperse living cells. Then, the suspension was treated with about the same volume 
(1:1) of hydrogen peroxide (Carl Roth, 30%). The mixture was left boiling on a hot 
plate—covered with a petri dish to enable simple refluxing—in a fume hood for 
about 1 hour, and then it was left to calm down overnight to continue the digestion 
of organic materials. After that, the diatom siliceous parts were collected by 
centrifugation (rpm and time were variable depending on the sample). The collected 
sample was washed with deionized water and recollected by centrifugation several 
times until the pH became neutral. Finally, the concentrated clean sample 
(suspended in deionized water) was stored until further use. 
 

A.2.2.  Hydrochloric acid (HCl) treatment 

Diatomists generally use Hydrochloric acid to remove inorganic oxides (such as 

calcite) and the organic residue associated with the siliceous content of the natural 

grade diatomite samples [104,258,260]. About 0.5 g of diatomite sample was added 

to 30 ml of deionized water and then ultrasonicated for 5 minutes to disperse the 

diatomite particles. About 24.6 ml of hydrochloric acid (Carl Roth, 37%) was added 

slowly to the diatomite suspension; then, the total volume was increased to 100 ml 

using deionized water to obtain 3N HCL. Following that, the suspension was left 

under ambient conditions for 48 hours. Thereafter, the diatomite was collected by 

centrifugation for 2 min at 5800 rpm. The collected sample was washed with 

deionized water and recollected by centrifugation several times until the pH became 

neutral. Finally, the concentrated clean sample (suspended in deionized water) was 

stored until further use. 
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A.2.3.  Settling 

Settling under gravity is a well-known separation technique used to separate 

particles of different sizes/densities in a fluid column [330]. Diatomists also use this 

technique to separate the coarse grains (such as sand particles in deposits samples) 

from the siliceous parts (valves/girdle bands) and purify the samples from debris. 

Interestingly, the settling method was recently used to separate the valves of 

Coscinodiscus sp. from their girdle bands, which have similar size but different 

geometry and sectional area [331]. Here, this method was applied to the Celatom 

sample—after the HCl treatment—to remove the siliceous debris and minimize the 

large variation of Aula valves’ size found in the sample, probably associated with the 

presence of valves belonging to more than one species.  

First, the method described by Zhang et al. [331] was adapted and optimized 

for the Celatom sample. The best separation result was reached by letting the Aula 

valves (suspended in deionized water after ultrasonicated for 5 min in an ultrasonic 

bath) settle down under gravity for 30 min in a 50 ml falcon tube. Then, about ≈ 35 

ml of the suspension was carefully removed using a Pasteur pipette, leaving only ≈ 

15 ml at the bottom. Thereby, the 15 ml fraction at the bottom had mainly valves of 

larger sizes and was devoid of the fine debris. The process was repeated by refilling 

the tube—containing the 15 ml bottom fraction—with deionized water and 

repeating the settling two more times to ensure the separation of the larger valves 

at the bottom fraction. Following the separation, most valves in the bottom fraction 

(the obtained sample) are of diameters ≥ 6 µm with a weighted mean value of 13.9 

µm. Fig. A.1 shows the difference between the natural and processed sample under 

SEM. 

 
 
  

 

 

 

 

Fig. A.1. The SEM at the left shows the natural grade Celatom sample before processing, 
having a wide range of valve sizes and a considerable amount of debris. The SEM at the right 
shows the Celatom sample after processing (the bottom fraction), being cleaner and more 
homogenous. The SEM on the right was acquired by Dr. Martina Gilic.  
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A.2.4.  Arranged clean valves on a substrate 

As mentioned in Table 3.1, some of the studied clean valves (shown in Fig. A.2) were 

kindly provided by Mr. Emiliano Bellotti (Italy). He arranged these clean valves on a 

glass substrate covered by a thin layer of transparent glue with the help of an optical 

microscope and a mechanical micromanipulator. The glue helps to adhere the valves 

to the substrate while keeping them immersed in the air without sinking into the 

glue or blocking their pores, thus not changing the refractive index contrast. With 

this approach, one can study the light modulation behavior of these valves, and then 

investigate the ultrastructure of the same valves using SEM. The SEM analysis for 

these valves was carried out—after performing the trans-illumination study—by 

Mohamed Ghobara (myself) using Zeiss Sigma 300 VP (FE-SEM) located at the 

Institute of Geological Sciences (Mineralogy-Petrology division), FU berlin.  

  

 

 

 

 

 

 

 

 

 

 
 
Fig. A.2. The studied arranged clean valves.  
 
 

A.3. Preparation of clean glass substrates  

Glass substrates of dimensions 10 x 26 mm (unless otherwise stated) were cut using 

a diamond cutter from a microscope glass slide (of dimensions 76 x 26 mm and 

thickness 1 mm), wiped (with ethanol), and arranged on a Teflon holder for cleaning. 

Thereafter, the Teflon holder was immersed in an aqueous solution of 0.5% 

HellmanexTMIII (Sigma–Aldrich) and ultrasonicated for 10 min. This was followed by 

rinsing the substrates three times in deionized water until traces of the detergent 

were removed. Afterwards, the Teflon holder was immersed in acetone (Carl Roth, ≥ 

99.5%), ultrasonicated for 10 min, and then disposed of. The latter step was 

repeated but using 2-propanol (Carl Roth, ≥ 99.5%). Finally, the substrates were 

carefully removed from the Teflon holder, and the excess of 2-Propanol was gently 

removed via air blowing. 
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A.4. The optimized film of Ethmo valves for the fabrication of 

SPPMAu+Ethmo photoactive electrode 

Fig. A.3 shows an example of the optimized film containing Ethmo valves. 

 

 
 

 

 

 
 
 
 
 
Fig. A.3. An optical image of a uniform film of Ethmo valves alongside an optical micrograph 
showing the cracks of Ethmo valves within the film under 4x objective.  
 

 

A.5. Changing exposure in trans-illumination:  

The camera exposure was adjusted depending on the species to avoid saturation at the 

focusing spots as possible, which can lead to inaccurate results (e.g., defining the focusing 

maximum at the wrong distance above the valve). It should be noted that once the best 

exposure for each species was optimized, all parameters (including exposure) were fixed for 

each z-scan.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.4. (a) Acto valve under trans-illumination using 10x objective (at left) showing a 
saturation of the focusing spot appeared at the center, as indicated from the extracted line 
profile (at right). (b) The exposure was decreased to half to reveal the maximum gray scale 
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value of the focusing spot. The dashed circle in (b) indicates an example of the areas from 
which the background's grayscale value was extracted. Each step on the z-axis is ≈ 7 μm ± 0.5 
μm.  
 
 

A.6. Validation of the side-illumination experimental setup  

A typical PJ generator—artificial solid silica microspheres (diameter ≈ 5 µm, Sigma-

Aldrich)—was used to investigate whether the side-illumination experimental setup 

could disclose the diffraction-driven light-focusing behavior. By examining the silica 

microspheres using the setup, the expected PJ beam was observed at their rear side 

(Fig. A.5c), alongside a pronounced bright spot (likely a backscattering) at the front 

side. The experimental results are comparable to the numerical analysis results 

obtained via the 2D FEFD simulations (Fig. A.5c vs. d). However, it should also be 

noted that the experimentally observed backscattering spot is not observed in the 

2D simulations. 

 

  

 

 

 

 

 

 

 

 

 
Fig. A.5. (a) SEM of silica microspheres. A microsphere under trans-illumination (b) and side-
illumination (c), as appeared under the 40x objective. In the side-illumination setup, the 
microsphere was illuminated from the left-hand side by a red LED (λmax = 660 nm), yielding a 
PJ beam at the rear side, besides a backscattering spot on the front side. The intensity scale 
in (c) is a greyscale value. (d) The 2D simulation results for the wave propagation (in-plane E 
field) across 5 µm circle (represents 2D CS in the 3D sphere) at the same wavelength (λvacc = 
660 nm), where nsphere = 1.46 and nmedium = 1. The color code ranges from 1 V/m (Einput) to 
3.16 V/m (Emax). The SEM (a) was obtained by Dr. Martina Gilic. 
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A.7. The influence of Dsl, nv, and nm on reflectance and transmittance 

(thin-film interference) 

As can be seen in Fig. A.6, the λvacc value, associated with the maximal reflectance or 

transmittance, shifts towards a longer wavelength by increasing the slab thickness Dsl 

(nsl = nv = 1.46, nm = 1.00). At the same time, the associated changes in the maximal 

or minimal intensity values were negligible. This shift leads to the observation of 

more oscillations in the case of thicker slabs in our region of interest; as in all cases, 

the oscillations increase in density with decreasing λvacc. 

 

 

  

 

 

 

 

 

Fig. A.6. The dependency of λvacc value of the constructive interference maxima on Dsl. The 
grey-shaded areas indicate the significant error in the thickness of different valve parts 
(Table 4.1). This Figure is modified from Ghobara et al. [261]. 
 

Neither the positions of the maxima and minima in the interference pattern 

nor its shape depend on the refractive index of the medium nm surrounding the thin 

slab when calculated relative to λvacc (Fig. A.7b, left). However, the obtained 

magnitude of the reflected light or the total attenuation of the transmitted light at a 

specific λvacc decreases quadratically when nm approaches nv (Fig. A.7a, left). Thus, 

the observed effect is strongly attenuated in water when compared to air. 

In contrast to nm, the refractive index of the thin-slab element nv strongly 

influences the position of the spectrum, leading to a red shift in the spectra, as seen 

in Fig. A.7b (right), similar to an increase in Dsl but with a simultaneous rise in 

magnitude. Therefore, in the simulations, while changing nv (for the same Dsl and nm 

at specific λvacc), the intensity of the reflectance and transmittance changed 

accordingly, as can be seen in Fig. A.7a (right).  
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Fig. A.7. (a) The change of E2
Norm (i.e., intensity) of the reflected and transmitted wave by 

CSlong,5 at λvacc = 330 nm when changing nm (for nv = 1.46, at left) or changing nv (for nm = 1.00, 
at right) compared to theoretical calculations. (b) The change of transmission spectra when 
changing nm (at left) or nv (at right), based on theoretical calculations. This Figure is 
reproduced from Ghobara et al. [261]. 

 

A.8. The dependency of edge diffraction fringes on λvacc  

Fig. A.8 shows the λvacc-dependency of edge diffraction fringes. The mantle in CSlong,5 

spatially delays the 1st and 2nd diffraction fringes inside if compared to Sana,long5. 

 

  

 

 

 

 

 

 

Fig. A.8. The dependency of edge diffraction fringes on λvacc in CSlong,5 (a) and Sana,long5 (b) in 
the air. The color code emphasizes ENorm enhancement in red (ENorm > 1 V/m) while keeping 
both Einput and ENorm reduction in white (ENorm ≤ 1 V/m), not emphasized. This Figure is 
reproduced from Ghobara et al. [1]. 
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A.9. The dependency of diffraction-driven focusing spots on λvacc 

Fig. A.9 shows an example of the dependency of diffraction-driven focusing spots on 

λvacc. With increasing λvacc, the spots move toward the CS, decreasing Zf and Lf 

and fading in intensity. All spots follow the same trend, even the spots that result 

from the interference with the so-called photonic jet, e.g., spots 1 and 3.  

 

 

 

 

 
 
 
 
Fig. A.9. Tracking different focusing spots generated by CSver,2 while increasing λvacc in air. 
This Figure is modified from Ghobara et al. [261]. 

 

A.10. Diffraction-driven focusing by GP valves under trans-illumination 

The GP valves utilized in the experimental studies conducted in Chapter 5 (as well as 

Chapters 6 and 7) were a subculture of the same GP strain numerically analyzed in 

Chapter 4. The SEM analysis showed no statistically significant changes in the 

structural parameters of the valves extracted from the subculture compared to these 

studied in Chapter 4. That means the structural parameters were not only built 

precisely (as demonstrated in Chapter 4) but also were preserved over several 

generations. It should also be noted that some valves were still connected to a girdle 

band even after the cleaning procedures, along with the presence of some organic 

debris (Fig. A.10). 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. A.10. SEM show GP valves extracted from the subculture. This SEM was captured by Dr. 
Martina Gilic. 
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To investigate how much the GP 2D simulations could predict the 

experimental results demonstrated in Fig. 5.4, the numerical analysis approach 

described in subsection 3.2.4 (Chapter 3) was followed. The analysis was carried out 

for selected 2D CSs, where the central nodule is apparent (see the sketch in Fig. 

A.11a, at left). As the trans-illumination was unpolarized, the situation of both y-

polarized and x-polarized waves (for the light waves propagating on the z-axis) were 

considered, as demonstrated in Fig. A.11a. For the y-polarized plane wave, the 

electric field oscillates out-of-plane the longitudinal CSs and in-plane the vertical CSs. 

While for the x-polarized plane wave, the electric field oscillates in-plane the 

longitudinal CSs and out-of-plane the vertical CSs.   

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. A.11. (a) The 2D simulation results for selected CSs (showing their inner face upward) at 
λvacc = 500 nm on the glass substrate in air considering y-and x-polarizations. The color code 
aims to only emphasize the enhanced ENorm. The simulated wave (Einput = 1 V/m) was initiated 
from the bottom. (b) Comparing the normalized vertical line profile extracted from valve 3 at 
z4 (Fig. 5.4) and the vertical profiles extracted from the simulation domain of vertical CSs at 
maximum ENorm,f (for the spot indicated in (a)) at λvacc = 500 nm in air at both polarizations. 
(c) Comparison of the vertical profiles when having the inner or outer face upward at both 
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polarizations. The black and blue arrows indicate diffraction-driven focusing spots and the 
outside edge diffraction fringes, respectively. 
 

The selected CSs show ENorm enhancement in transmittance behind the 

nodule position similar to the experimental observations, where the INorm 

enhancement associated with the nodule position was observed starting from z0 (Fig. 

5.4a). A number of constructive spots were observed along the optical axis of the CSs 

(see, e.g., the spots indicated by the black arrows in Fig. A.11a), which result from 

the overlay of the PJ generated by the nodule and the inner edge diffraction fringes 

of the CS (as explained in Chapter 4) and was not observed in the experimental 

results. Interestingly, at λvacc = 500 nm, the maximum of a major constructive 

interference spot of vertical CSs (indicated as the tracked spot in Fig. A.11a) occurred 

at a position ranging from 4.30 to 4.95 μm behind the CS (depending on the 

polarization) comparable to the experimentally observed focusing INorm,max (z4 ≈ 5.6 ± 

0.4 μm). The magnitude of the tracked spot is also comparable to the magnitude of 

the experimentally observed focusing spot, as demonstrated in Fig. A.11b. 

Moreover, the numerically observed two additional peaks associated with the 

interference pattern splitting (see subsection 4.3.4, Chapter 4), indicated by the 

green arrows in Fig. A.11b, are not observed in the experimental results. The outer 

edge diffraction fringes are also diminished in the experimental results compared to 

the simulations (Fig. A.11b), but its maximum fringe is still observed adjacent to the 

valve (blue arrows in Fig. 5.4a). The simulation results of x- and y-polarizations show 

relatively slight variations in E2
Norm,f amplitude and the position of the tracked spot, 

as demonstrated in Fig. A.11b. Furthermore, when the orientation of the CS is 

changed, the same behavior is still observed; however, the CS having its outer face 

upward shows a slightly higher E2
Norm,f amplitude and the focusing maximum occurs 

slightly closer to the CS (Fig. A.11c). 

At this point, if we recall the fact that the CMOS camera used is greyscale and 

the spectral width of the halogen lamp is larger than the camera’s spectral 

sensitivity. That could partially explain the discrepancy between the obtained 

experimental results and simulations. For instance, the multiple maxima/minima 

interference spots that are observed at the longitudinal profile along the optical axis 

behind the nodule of CSver,2 (see, e.g., the blue arrows in Fig. A.12a for λvacc = 400 

nm), will be spatially overlapped (and averaged) across the different wavelengths 

that can be detected by the camera (as for example illustrated for only four 

wavelengths in Fig. A.12a). That may explain the inability to experimentally detect 

intensity oscillations at different focal planes (due to averaging). Such oscillations 

could be revealed if a monochromatic light source is used as an alternative to the 

Halogen lamp and the system resolution is sufficient to reveal such features. 

Moreover, the extracted vertical line profiles at 5.6 μm from the CS at different λvacc 

(indicated as a black dashed line in Fig. A.12a, and equivalent to the distance of the 
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experimentally observed focusing maximum from the valve) give an idea of how the 

overlapping across different wavelengths could affect the pattern and magnitude of 

the experimentally yielded focusing spot as well as other interference features.  

 

 

 

 

 

 

 

 
Fig. A.12. (a) Longitudinal profiles extracted at the optical axis of CSver,2 (with inner face 
upward) at different λvacc in air (out-of-plane E field). (b) Vertical line profiles extracted at the 
black dashed line (5.6 μm from the CS) indicated at the optical axis in (a). 
  

In sum, the 2D simulation results could predict and explain—to a good 

extent—the experimentally obtained diffraction-driven focusing behavior and 

estimate the focusing magnitude that could be reached. 
 

A.11. Diffraction-driven focusing induced by integrated mesosize 
structures 

By merging a small silica slab (Fig. A.13b, which induces a PJ beam) and a larger slab 

(Fig. A.13a), the transmittance interference pattern of the large slab will be 

significantly influenced, as can be seen in Fig. A.13c. After merging, the PJ induced by 

the small slab is still observed associated with its position, while the interference 

pattern of the large slab is split (Fig. A.13c).  

 

 
 
 
 
 
 
 
 

 
 

Fig. A.13. (a) a slab of silica (ns = 1.46, Ls = 20.0 μm, Ds = 0.3 μm) impeded in air at λvacc = 470 
nm. (b) a slab of reduced length (Ls = 1.0 μm). (c) merging the two slabs into a single 
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structure. The color code is given in V/m, and the simulated wave (Einput = 1 V/m, out-of-
plane E field) was initiated from the left-hand side.  
 

Interestingly, such behavior could occur regardless of the geometry of the 

small slab, where only dimensions matter (Fig. A.14). 
 

 

 
 
 
 
 
 
 

Fig. A.14. The mesosize merged structure can be rectangle, lens, triangle, etc. Simulations 
carried out using the same conditions used in Fig. A.13 (in air at λvacc = 470 nm). 
 

A.12. Diffraction-driven focusing by Aula valves under trans-

illumination 

The 2D numerical analysis for the wave propagation across Aula Longitudinal CSs 

demonstrates an ability to induce a diffraction-driven focusing behavior in 

transmittance when illuminated normally to their face (Figs. A.15 and A.16).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.15. The complex interference pattern induced by CSlong,1 at λvacc= 500 nm in the air at 
the left. The disassembling of its distinct structural components shows the contribution of 
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each element to the interference pattern. The color code is given in V/m, and the simulated 
wave (Einput = 1 V/m, out-of-plane E field) was initiated from the bottom. 
 

By disassembling the complex structure of CSlong,1 (the same approach 

followed in Chapter 4 for GP CSs), the contribution of different components to the 

observed focusing behavior was evident (Fig. A.15). Interestingly, the interference 

pattern induced by only the ringleist showed a comparable diffraction-driven 

focusing behavior to the intact CSlong,1 (Fig. A.15), indicating its major contribution to 

this behavior. The induced interference pattern by the ringleist is attributed to the 

interference of the waves passed through its opening, the transmitted waves across 

it, and the diffracted waves at its edges. The presence of other components in CSlong,1 

modulates such interference pattern (Fig. A.15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.16. (a) The 2D simulation results of CSlong,1 and CSlong,2 (showing their inner face 
upward) reveal the diffraction-driven focusing behavior at λvacc = 500 nm in air on a glass 
substrate. (b) Comparison of the interference pattern of CSlong,1 at out-of-plane and in-plane 
E field at λvacc = 500 nm in air on a glass substrate. (c) the wavelength-dependency. The color 
code is given in V/m, and the white color indicates Ebackground over glass substrate (≈ 1.185 
V/m). The simulated wave was initiated from the bottom. The black arrows indicate a major 
tracked focusing spot.  
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The focusing behavior is observed in the simulation results whether the CS 

has its outer or inner face upward. By laying the Aula Longitudinal CSs over a glass 

substrate, similar to the experiment, the focusing behavior is still observed (see, e.g., 

Fig. A.16a). The simulations results show that the interference pattern (including the 

position and amplitude of diffraction driven focusing spots) is changed depending on 

the wave polarization (e.g., Fig. A.16b), λvacc (Fig. A.16c), and valve diameter (2rv). By 

increasing λvacc, all diffraction-driven focusing spots move toward the CSs (Fig. 

A.16c), similar to GP CSs. Increasing 2rv would increase the distance between the 

ringleist’s edges, which will lead to further changes, as can be seen by comparing, for 

example, Fig. A.16a vs. A.17b.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Fig. A.17. An Aula valve—showing its outer face upward, of diameter ≈ 17 μm—observed 
under 40x objective at different focal planes zi, along with the normalized line profiles 
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extracted at selected focal planes along the valve’s optical axis. Each step on the z-axis is ≈ 
1.4 ± 0.1 μm. In this figure, the brightness and contrast of the raw optical micrographs were 
enhanced to visualize the valve. (b) The interference pattern of a modified CSlong,1 (of 
diameter ≈ 17 μm) at λvacc = 500 nm in air on a glass substrate. The color code is given in 
V/m, and the white color indicates Ebackground over glass substrate (≈ 1.185 V/m). The 
simulated wave was initiated from the bottom, out-of-plane E field. (c) Comparing the 
normalized vertical line profile extracted at selected focal planes from (a) and the profiles 
extracted from the simulation domain in (b) at equivalent distance to the experimental focal 
planes at λvacc = 500 nm in air. In (c) the experimental results are in blue, while the numerical 
analysis results are in black. Different traces in (c), representing different focal planes, were 
shifted on the y-axis by 4 units for each to distinguish them. The dashed lines indicate the 
optical axis of the valve and the CS in transmittance. 
 

The experimental results obtained for Aula valves have shown two focusing 

spots at distinct focal planes, separated by a dip in intensity, as demonstrated in Fig. 

A.17a (and also Fig. 5.8). In contrast, the simulation results show a more complex 

interference pattern with finer features especially close to the valve, which likely 

cannot be all observed using the experimental setup. Interestingly, Fig. A.17c shows 

that the simulation result of a modified CSlong,1 (of diameter and rignleist opening 

similar to the valve shown in Fig. A.17a), demonstrated in Fig. A.17b, explains to a 

good extent the experimentally observed behavior. Still, the discrepancy between 

the experimental and simulation results could be attributed to the same 

considerations discussed for the GP valve (section A.10).       

 

A.13. Diffraction-driven focusing by CR valve under trans-

illumination 

Fig. A.18a shows a CR valve (of a diameter ≈ 81 μm and a hyaline area diameter ≈ 6.7 

μm), which focused the light into a small spot for a specific distance in the vicinity of 

transmittance beyond the central hyaline area, reaching its minimum waist (FWHM ≈ 

6 μm) and maximum normalized intensity (INorm,max) at z8 (≈ 56 ± 4 μm above the 

valve) before it started diverging and vanishing. A ring of enhanced intensity was also 

observed surrounding the central spot in Fig. A.18a (z8). Although the observed 

focusing is of a small magnitude, it was still observed and reproducible between 

different CR valves. This focusing (results from the constructive interference) was 

accompanied by a pronounced dip in the intensity, especially at the valve’s outer 

rim, as seen in the extracted line profile (Fig. A.18c). These findings are similar to 

previous work on the valves of Coscinodiscus spp. [135,137].  

An example of a CR girdle band (of a diameter  ≈ 88 μm) is demonstrated in 

Fig. A.18b, which focused light into a spot, reaching its minimum waist (≈ 10 μm) and 

INorm,max at z11 (≈ 77.0 μm ± 5.5 μm). At the maximum focus, the observed spot had a 

larger waist and occurred at a larger distance compared to that of the valve. Such 
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behavior could be linked to the interference of the light diffracted at the girdle 

band’s edges and the incident light. 

 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.18. A CR valve (a) and a girdle (b) observed under 40X objective at different focal 
planes zi, achieved by defocusing. Each step on the z-axis is ≈ 7 ± 0.5 μm. The intensity scale 
is a grayscale value. The normalized line profiles across the valve (c) and the girdle (d) at the 
maximum focus. In the line profiles, the input light intensity INorm,input = 1, INorm < 1 indicates 
attenuation in transmission, while INorm > 1 indicates enhancement in transmission. The noise 
in the extracted line profiles represents the error range that is associated with the camera 
and the optical system. 

 

A.14. Diffraction-driven focusing by Cosc valve under trans-illumination 

Fig. A.19 shows the light modulation by the Cosc valve, which dramatically 

attenuated the transmitted light intensity. Nevertheless, a focusing spot of a 

relatively enhanced INorm (compared to the rest of the valve) was observed close to 

the valve surface (≈ z0, where FWHM ≈ 2 μm) in the transmittance beyond its hyaline 

area (of a diameter ≈ 3 μm, see Fig. 5.2a), which diverged and vanished by 

defocusing. A ring of an enhanced intensity was also observed at z0 (Fig. A.19) at the 
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boundary between the central and outer parts of the valve, where the transition 

between the two distinct porosity patterns occurs (see Fig. 5.2a and Table 5.1). 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

Fig. A.19. The studied Cosc valve—which shows its inner face upward—as observed under 
10X objective at different focal planes zi (at the top), along with their normalized line profiles 
(at the bottom). Each step on the z-axis is ≈ 7 ± 0.5 μm. The blue arrow indicates the focal 
spot.  
 

A.15. Supplementary to the side-illumination results  

 

 

 

 

 

 

 

 

 

 

Fig. A.20. SEMs show Aula valves with defects indicated by white arrows (at the top). 
Simulation results show the influence of the presence of a defect in the hexagonal lattice of 
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CShor,1 and its width Wd on the generated PJ at λvacc 660 nm in air at rotational angle = 0 
degree (at the bottom). At a small defect width, the PJ is still mainly generated at 
reflectance. In contrast, at a large defect width, the generated PJ beam is largely restored in 
the transmittance again. The color code is given in V/m, and the simulated wave (Einput = 1 
V/m, in-plane E field) was initiated from the left-hand side.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.21. Simulation results show the influence of valve diameter 2rv on the generated PJ 
beam at λvacc 660 nm in air. By increasing 2rv of CShor,1, the ENorm,PJ increases. The color code is 
given in V/m, and the simulated wave (Einput = 1 V/m, in-plane E field) was initiated from the 
left-hand side. 
 
 
 

 

 

 

 

 

 

 

Fig. A.22. Anomalous experimental observation at λmax = 660 nm. An Aula valve (at the 
bottom) shows what seems to be pronounced PJ at the front side (to occur in reflectance) 
and another PJ at the rear side but of much weaker strength. Another Aula valve (at the top) 
shows a normal PJ generated at the rear side above an Aula valve, indicated by the blue 
arrow.  
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A.16. Diffraction-driven focusing behavior underwater: 

photobiology relevance 

By immersing the merged two slabs from Fig. A.13c underwater, the ENorm strength 

of the whole interference pattern, including the induced PJ by the small slab, is 

reduced dramatically at the visible spectral range, as demonstrated in Fig. A.23. 

Interestingly, the PJ strength of the small slab can be increased underwater by 

increasing its thickness, as demonstrated in Fig. A.24, and a comparable strength 

could be obtained at higher wavelengths by further increasing the thickness (but 

keeping it relative to λvacc). 

   

 

 

 

 

 

 

Fig. A.23. The merged two slabs from Fig. A.13c immersed in air vs. in water at λvacc = 470 
nm. The color code is given in V/m, and the simulated wave (Einput = 1 V/m, out-of-plane E 
field) was initiated from the left-hand side. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A.24. By increasing the thickness of the small slab, the PJ strength increased at λvacc = 
470 nm in water (at top). By increasing the thickness slightly, comparable PJ strength 
obtained at higher wavelengths. The ratio of thickness/λvacc was kept about 2.6. The color 
code aims to only emphasize the enhanced ENorm and the simulated wave (Einput = 1 V/m, out-
of-plane E field) was initiated from the left-hand side.  
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A.17. supplementary information for the SNOM results 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. A.25. (a) A 3D constructed GP valve shows different parts of the valve. (b) Longitudinal 
CS across the reconstructed valve to show the lens-like ribs. The 3D reconstructed valve 
images were kindly provided by Dr. Cathleen Oschatz.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. A.26. The interaction of the local illumination source (of an out-of-plane E field) with 
CSlong,3 showing its inner face upward while laying on a gelatine substrate (a), a glass 
substrate (b), or being suspended in air (c). (d) showing the influence of changing nv (= 2.6) 
on the coupling and waveguiding behavior of CSlong,3 over a gelatine substrate. The color 
code is given in V/m units.  
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Fig. A.27. (a) The 2D simulation results for the selected CSs (showing their inner face 
upward) at λvacc = 532 nm in air considering y-and x-polarizations. The color code is given in 
V/m. The simulated wave was initiated from the bottom. (b) Comparing the normalized 
vertical line profiles extracted from the experimental (blue trace on blue axes) and numerical 
data at comparable places in the valve at the optical near-field at λvacc = 532 nm. The figures 
in (b) at the right demonstrate the exact position of the line profile extracted from the 
simulation domain, which explains why for the in-plane E, a dip in intensity is observed in the 
middle (see the red dashed trace in (b)). This is because the PJ is started a bit higher from 
the CS for the in-plane E results, which is not the case for out-of-plane E results.  
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Fig. A.28. (a) The 2D simulation results for the selected CSs (showing their inner face 
upward) at λvacc = 808 nm in air considering y-and x-polarizations. The color code is given in 
V/m. (b) Comparing the normalized vertical line profiles extracted from the experimental 
(blue trace on blue axes) and numerical data at comparable places in the valve at the optical 
near-field at λvacc = 532 nm. 
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Fig. A.29. The 2D simulation results for GP CSs with grid-like element (showing their outer 
face upward) in air. No GMR or Talbot pattern was observed. Only the mantle-coupled 
guided waves were observed. The color code is given in V/m.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. A.30. (a) Comparing the guided waves observed at the GP outer face at green laser (blue 
trace on blue axes, obtained from Fig. 6.2a) with the simulation results at a comparable 
position. (b) A sketch showing an imaginary path of the mantle-coupled guided waves inside 
CSver,2 that represents a rib (at top). A zoom-in the simulation results of CSver,2 at λvacc = 532 
nm and out-of-plane E (at bottom), the dashed line shows the place of extracting numerical 
data shown in (a).    

 

 

 

 

 

 
 
Fig. A.31. Sketches showing how the SNOM probe scans the inner (a) and the outer (b) GP 
valve face. After passing the valve mantle, the SNOM tip returns to the gelatine layer (the 
black dashed line). Therefore, the edge diffraction fringes outside the valve (indicated by the 
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black arrow in (a)) cannot be revealed in the collection mode. It should be noted that this is 
also the case for illumination mode.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. A.32. (a) SNOM shear-force image of another Aula valve showing its outer face upward. 
(b) SNOM optical image showing the optical response of this valve at green laser in 
collection mode at higher resolution than Fig. 6.8c. The intensity scales are given by 
integrated counts. The length scale bars have an estimated error up to ± 10%. The raw 
SNOM images were acquired by Professor Paul Fumagalli.  
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Appendix B: Developing a method for studying two-

dimensional periodicities and symmetries of 

diatoms’ pore arrays 

The content shown in this appendix has already been published in:  

Ghobara, M.; Tiffany, M.A.; Gordon, R.; Reissig, L. Diatom Pore Arrays’ Periodicities and 
Symmetries in the Euclidean Plane: Nature Between Perfection and Imperfection. In: Diatom 
Morphogenesis; Wiley-Scrivener, Beverly, MA, USA, 2021; pp. 117–158, 
https://doi.org/10.1002/9781119488170.ch6. Used here with the permission of Wiley-
Scrivener.   
 

 

 

As mentioned in subsection 1.2.2 (Chapter 1), in many cases, diatoms' pore arrays 

have strong resemblance to PC slabs. In order to determine whether these structures 

can function as PC and to predict their potential PC characteristics, for instance, 

through numerical analysis, there is a need first to investigate and assess the 

periodicities and symmetries of their pore arrays employing a systematic, 

straightforward method. Previous work has been reviewed in Ghobara et al. [123] 

that indicated such a method has not yet been reached. 

From that perspective, this appendix aims to propose a method to reveal and 

define 2D periodicities and symmetries of pore arrays within single silica layers of the 

projected 2D surface of diatom frustules. Besides that, it shows the possible 

presence of distinct 2D Bravais lattices in diatoms and discusses how perfect diatoms 

could be in building their periodic pore arrays compared to perfect 2D Bravais 

lattices. It should be noted that the results presented here are examples and may 

not represent the general morphometric criteria of these species. 

 

B.1. Methods  

B.1.1. Disclosing diatoms’ pore arrays 

As mentioned before, the size of diatom pores ranges from a few nm to a few μm, 

depending on the species. Thus, optical microscopy often cannot provide a sufficient 

resolution for disclosing diatoms’ pore arrays. Alternatively, electron microscopy can 

provide the required resolution to reveal and analyze such arrays. Therefore, this 

study is based on scanning electron micrographs (SEMs).  

To examine a wide range of diatom geometries, showing pore arrays of 

distinct periodicities and symmetries, the SEMs library—kindly offered by Dr. Mary 

Ann Tiffany (USA)—was utilized. This library includes thousands of diatom SEMs 

showing distinct species and ultrastructural diversity. After surfing the library, a 
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number of SEMs were selected for further analysis, belonging to nine diatom 

species, including Asterolampra marylandica, Asteromphalus hookeri, Arachinodiscus 

sp., Cocconeis sp., Haslea feriarum, Haslea sp., Pleurosigma sp., Roperia tesselata, 

Triceratium favus. The species identification was also provided by Dr. Mary Ann 

Tiffany. Besides that, an additional five SEMs were selected from the literature, 

representing another five species, including Gyrosigma balticum, Gyrosigma fasciola, 

Lindavia sp., Pleurosigma angulatum, and Thalassiosira pseudonana. 

B.1.2. The proposed method  

The developed methodology can be summarized in three steps, illustrated below in 

detail and summarized in Fig. B.1. 

 

  

 

 

 

 

 

 

 

 

 

 
 
 
 
Fig. B.1. The proposed method for studying diatoms’ pore arrays periodicities and 
symmetries. Examples 1 and 2 in Step 2 represent 2D hexagonal and rectangular lattices, 
appearing in the corresponding 2D ACF patterns of thresholded micrographs of the inner 
face of a Roperia tesselata valve and of a Haslea sp. valve, respectively, both with 4x 
magnification. The red shapes can be seen as a representative of the unit cell of the 2D 
lattice. To assign the most similar 2D Bravais lattice, vector lengths a and b, as well as the 
angle θ, were extracted and compared with the flowchart in step 3. The imaginary unit cells 
of different 2D lattices in step 3 are highlighted in grey, while a, b, and θ are considered the 
lattice parameters or constants, while c, d, and φ are given as additional related lattice 
parameters for the centered rectangular lattice. The red arrows represent the measured 
lattice vector lengths. This figure consists of merged figures from Ghobara et al. [123]. 
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Step 1: Two-dimensional autocorrelation function analysis 

The two-dimensional autocorrelation function (2D ACF) analysis is a mathematical 

technique widely used in image processing and signal analysis to disclose the 

correlation of a signal (or a feature) to its shifted (delayed) copy within two-

dimensional data [332]. In the literature, 2D ACF analysis has been used in pattern 

recognition studies (see, for example, [333,334]). Similarly, here, it is used as a tool 

for studying periodicities and symmetries within the SEMs of diatom frustules and, 

thus, to extract the relevant parameters of a given pore array.  

Utilizing raw SEMs in the 2D ACF analysis often gives inaccurate results. 

Therefore, the raw SEMs were segmented using ImageJ software [335] as follows. 

First, histogram equalization is used to enhance the contrast by adjusting the 

intensity distribution of image histogram, without losing the targeted details. 

Background subtraction was carried out when necessary to lower the noise. The 

micrographs were then converted into binary to maximize contrast. Thereafter, 

segmentation was carried out for the binary images through thresholding. The 

threshold value was variable and chosen to optimize the output image. Finally, the 

targeted porosity pattern was selected with the "clear surrounding" option. This 

method produced white pores on a black valve and black background, which we 

found gave optimal results, similar to the case of black pores on white valves and 

white background. It should also be noted that, in some cases, any still present noise 

or undesired details (such as impurities or structures of the layers below the 

targeted pores) were manually covered with black color. 

The segmented micrographs were individually imported into Gwyddion 

software (version 2.51), and the correct image dimensions were specified in pixels or 

micrometers. Afterwards, the 2D ACF was automatically calculated for each 

micrograph to obtain the corresponding 2D ACF pattern, containing information 

about possible periodicity and symmetry within a given diatom pore array.  

The 2D ACF analysis results are generally visualized as a 2D map of ACF (or 

coherence) values. Any observable periodicity in this image reveals information 

about occurring periodicities in the original micrograph, with the spatial distribution 

corresponding to the noise-free (averaged) lattice parameters in the original 

micrograph. 

 

Step 2: Measuring lattice parameters based on the obtained 2D ACF pattern 

Using the "measure lattice" function in Gwyddion software, the unit cell's 

parameters can be measured utilizing 2D ACF pattern. In case of a lattice structure 

observed in a given 2D ACF pattern, the structure around the central point of the 2D 

ACF pattern can usually be considered a representative of the unit cell of this lattice 

(Fig. B.1, step 2). It should be noted that the program, through its measure lattice 
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window, enables only the measurements starting from the central point of the unit 

cell at the center of the pattern. Three parameters were measured to define the 

lattice type: the vector lengths a and b and the angle θ between these two vectors. 

The measured values can be considered averaged values between all the lattice 

points in the respective direction. 

 

Step 3: Lattice recognition logic flow  

Following lattice parameters extraction, the results of these measurements were 

compared to the flowchart in Fig. B.1 (step 3), and the type of 2D lattice was 

assigned based on the best-fit to a standard lattice for different degrees of lattice 

imperfection. In all cases, the values of vector length a did not have the same 

numerical values as the vector length b, and the angles were neither 60° nor 90°, 

leading to an assignment of the oblique pattern if no deviation from the standard 

values was accepted. However, it was noted that often the numerical values could, 

within a given precision window (5 or 10%), be related to the standard lattice 

parameters of one or several 2D Bravais lattices of corresponding dimensions.  

To judge the values within an accepted deviation level, the numerical 

difference between vector lengths a and b was calculated and normalized to vector 

length a to obtain the percentage of the vector length deviation (eq. B.1). In analogy, 

the difference between the measured angle θ and the closest angle (either 60° or 

90°) was calculated and normalized to its standard value to obtain the percentage 

angle deviation (eq. B.2). The results obtained were compared to the flow chart in 

Fig. B.1, with accepted deviation levels lower than 5% or 10%, respectively.    

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ (𝒃) 𝑓𝑟𝑜𝑚 𝑣𝑒𝑐𝑡𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ (𝒂) 𝑖𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (%) =

 
|𝒃−𝒂|

𝒂
 × 100                                                                                                                                       (B.1)                                              

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑛𝑔𝑙𝑒 (𝜽) 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑐𝑙𝑜𝑠𝑒𝑠𝑡 𝑎𝑛𝑔𝑙𝑒 (60° 𝑜𝑟 90°) 𝑖𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (%) =
|𝜽−60°(𝑜𝑟 90°)|

60° (𝑜𝑟 90°)
 × 100                                                                                                                         (B.2) 

 

B.1.3.  Assessing reproducibility and accuracy of 2D ACF-based analysis 

In order to estimate how reproducible the 2D ACF results are, steps 1 and 2 (of the 

proposed method) were repeated three times for selected examples. The obtained 

values for each lattice parameter were averaged and the corresponding standard 

deviation was calculated. The magnitude of the obtained standard deviation is 

associated with the possible error in image processing and 2D ACF-based 

measurements.  

To assess the accuracy of 2D ACF-based measurements, a comparison 

between the bare-hand measurements (i.e., measuring pore spacing and in between 
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angles by hands, performed via imageJ software) and 2D ACF-based measurements 

(the averaged lattice parameters obtained by the proposed method, performed via 

Gwyddion software) was carried out by calculating the probability of the measured 

2D ACF value to fall within the range of the measured value obtained by bare-hand 

measurements (i.e., applying the so-called standard score test). To do this, first, the 

deviation between the values was calculated for each parameter separately: 

|𝑥ℎ𝑎𝑛𝑑𝑠 − 𝑥𝐴𝐶𝐹|. Then the width of the probability window tσ of the normal 

distribution with standard deviation σ was calculated using eq. B.3. It should be 

noted that the standard deviation σ, extracted from the bare-hand measurements, 

was calculated via the STDEV function in a spreadsheet and is mainly associated with 

the variation of lattice constants across the chosen area of the valve. 

𝑡𝜎 =  
|𝑥ℎ𝑎𝑛𝑑𝑠−𝑥𝐴𝐶𝐹|

𝜎
                                                                                                                    (B.3)                                                                                         

Then the probability of the 2D ACF value to lie outside the normal 

distribution of the bare-hand measurements was extracted from Table A (Appendix 

A in [336]), and the probability of a statistical match between the 2D ACF value and 

the bare-hand measured value was calculated applying the following equation: 

𝑃𝑟𝑜𝑏(𝑖𝑛𝑠𝑖𝑑𝑒 𝑡𝜎) = 100% − 𝑃𝑟𝑜𝑏 (𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑡𝜎)                                                              (B.4) 

If the probability is large, the accuracy of the 2D ACF method as compared to 

the bare-hand measurements was seen satisfactory. It should be noted that this 

probability decreased (for the same deviation) if the bare-hand measurements were 

more precise, corresponding to a smaller variation in lattice parameters across the 

sample. 

 

B.2. Results and discussion  

B.2.1. Recognition of periodicities and symmetries of 2D pore arrays in 
diatom micrographs based on 2D Autocorrelation Function 

The 2D lattice parameters, i.e., lattice spacing and angles, can be retrieved from 

reciprocal space (k-space) that can be obtained by applying two-dimensional Fast 

Fourier Transform (2D FFT) analysis on the original micrograph. However, it often has 

a comparably low resolution, especially for large periods when the reciprocal lattice 

peaks become very close, which could hamper its use for lattice recognition and 

measurements [337]. Additionally, the vectors in k-space correspond to the 

reciprocal lattice, which complicates the assignment. In contrast, 2D ACF analysis 

offers better resolution, and its lattice vectors correspond to those in direct space 

(i.e., original micrograph). Some important remarks, which were observed while 

applying 2D ACF analysis on diatom SEMs, will be discussed in the following 

paragraphs to demonstrate the limitations and best procedures of this analysis, 
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which have been considered while developing the proposed method. It should be 

noted that similar remarks were also observed in the case of 2D FFT analysis, as 

illustrated in more detail in Ghobara et al. [123]. 

Using raw SEMs in 2D ACF analysis without prior segmentation or processing 

could give representative results. However, in many cases, that gives unclear results 

(e.g., Fig. B.2a) related to the presence of several sources of noise in the raw SEMs, 

including; the resolution of the scanning electron microscope, its magnification, the 

stability of the applied voltage to the device, the image background, and the 

presence of debris covering valves/girdle bands. That is why segmentation through, 

for example, thresholding (e.g., Fig. B.2b) is recommended before performing 2D 

ACF and using its output images in lattice recognition studies.  

 

 

 

 

 

 

 

 

 

 

 

Fig. B.2. SEM of the outer face of a Roperia tesselata valve (a), and its threshold (b), along 
with their corresponding 2D ACF patterns at right (4x magnified). The scale bar in (a) is 
20 µm. This figure is modified from Ghobara et al. [123]. 
 

Moreover, a difference in the 2D ACF pattern was noticed when comparing 

processed micrographs with different brightness/darkness levels of the features in 

the background or the porosity (Fig. B.3). In general, the clearest 2D ACF patterns 

were obtained after maximizing the contrast between the pores and a homogeneous 

background, from which all remaining information (such as the presence of a valve 

edge) was removed. This can be either achieved via white pores on a black valve and 

black background (Fig. B.3a), or via black pores on a white valve and white 

background (Fig. B.3d), as it removes all the interference from the background and 

the valve with the periodic signals from pores. It should, however, be noticed that 

for Gwyddion, an image of white pores on black background corresponds to 
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“particles on a substrate” with height given when importing the image, and black 

pores on white background corresponds to “pores/holes on a substrate” with given 

depth. Nevertheless, there was no difference in the obtained 2D ACF pattern in both 

cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. B.3. A threshold of the same micrograph shows the inner face of a Roperia tesselata 
valve with different brightness/darkness of background/porosity. (a) A black background and 
valve, with white pores. (b) A white background and pores, with black valve. (c) A white 
valve, with black background and pores. (d) A white background and valve, with black pores. 
Each micrograph has its corresponding 2D PSDF and 2D ACF shown to its right. The drawn 
arrows refer to comparable lattice vectors in the direct and reciprocal space. Both 2D PSDF 
and 2D ACF have 4x magnification. This figure is adapted from Ghobara et al. [123]. 
 

Additionally, a tilt of the valve in a micrograph could lead to a distortion of its 

2D ACF pattern (as seen in Fig B.4) and, thus, incorrect lattice assignment. Therefore, 

using tilted valves is not recommended for the study of 2D pore arrays; otherwise, a 

correction for the tilt should be carried out [122]. Apart from the tilt during 

acquisition, the natural curvature of the surface of interest can also hamper the 

analysis when using the 2D projection obtained in the micrographs. In such a case, it 



 

189 
 

would be necessary to reduce the area only to contain the pores of an almost flat 

region unaffected by the curvature too much.  

 

 
 

 

 

 

 

 

 

Fig. B.4. SEM of the inner face of a Roperia tesselata valve in an upright position (a), and in a 
tilted position (b), along with their corresponding segmented micrographs (in the middle) as 
well as 2D ACF patterns (at right). The scale bar is 20 µm in (a) and 10 µm in (b). This figure is 
modified from Ghobara et al. [123]. 
 

Furthermore, using the complete valve in 2D ACF is sometimes unsuitable 

due to possible interference between distinct groups of 2D pore arrays (having 

differently-oriented lattice vectors) within the valve that could lead to incorrect 2D 

ACF pattern, as shown in Fig. B.5. In this case, the target group of pore arrays should 

be selected for the study after segmentation, e.g., by cutting the micrograph or using 

the "clear surrounding" option in ImageJ and performing a separate 2D ACF analysis 

for each group to determine the periodicity and symmetry within this group. 

 
 

     

 
 
 
 
 
 
 
 
 
 
 
Fig. B.5. (a) A segmented micrograph of the SEM of the inner face of a Haslea feriarum valve 
with apparent bilateral symmetry (Scale bar = 10 µm), (b) the separated upper part, and (c) 
the separated lower part, along with their corresponding 2D ACF pattern at the bottom, 
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showing 1D linear periodicity of the successive striae. The false pattern in (a) does not 
represent the true periodicity in the valve but rather an interference emerging from the 
overlap of the two patterns appearing in (b and c), resulting in a seemingly 2D lattice. This 
figure is adapted from Ghobara et al. [123].  
 

Finally, it should also be noted that the 2D ACF analysis will not demonstrate 

any lattice defects as the Gwyddion software ignores the missing values in the 

lattice. Thus, this method will not be suitable for studying defects, i.e., missing points 

(pores) within the lattice, in the periodic pore arrays.  

 

B.2.2. The reproducibility and accuracy of lattice parameters' 
measurements using the proposed method   

The precision of the proposed methodology, from the segmentation to parameter 

measurements, was in the range of four digits in both the case of lengths and the 

case of angles (see, e.g., Table B.2). This means that if the whole process repeated 

for a given pattern, it will repeat the results with these levels of uncertainty. Thus, 

the results are highly reproducible for the same micrograph and the same pattern.     

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure B.6. (a) A selected circle at an SEM of the inner face of a Roperia tesselata valve 
showing the 2D pore arrays at the center, and the corresponding segmented micrograph. 
The red, green, and white lines represents the directions of different lattice vectors a1, a2, 
and a3, respectively (Scale bar = 20 µm). The angles between the different lines were marked 
as 1, 2, and 3 respectively. (b) A cut from a segmented SEM micrograph of the inner face of a 
Haslea sp. valve (micrograph size = 1024 x 800 pixels) and its corresponding 2D ACF pattern 
(4x magnified). This figure consists of merged figures modified from Ghobara et al. [123]. 
 

As mentioned in subsection B.1.3, in order to explore the accuracy of the 2D 

ACF analysis for measuring lattice parameters using Gwyddion software, compared 
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to the bare-hand measurements of the 2D lattice parameters using ImageJ, the 

probability of a match between the accurate 2D ACF value and the normal 

distribution of the bare-hand measurements was calculated for three distinct 

examples; (i) the linear spacing between the successive striae that appeared in the 

inner face of a Haslea feriarum valve (Fig B.5b), (ii) 2D pore arrays at a selected circle 

from the inner face of a Roperia tesselata valve (Fig B.6a), and (iii) the 2D pore arrays 

that appeared in the inner face of a Haslea sp. valve (Fig B.6b). The results were 

summarized in Table B.1, Table B.2, and Table B.3, respectively. 

 
Table B.1. The comparison of bare-hand measurements of the linear spacing between 
successive striae in the SEM of the inner face of a Haslea feriarum valve (illustrated in Fig. 
B.5b), and the 2D ACF analysis of the corresponding segmented micrograph. This table is 
reproduced from Ghobara et al. [123]. 

Method of measurement linear spacing (µm) 

Measurements via bare-hand 
for the original micrograph 

(ImageJ software) 
(center to center) 

0.46 ± 0.04 

Measurements via 2D ACF 
analysis for the thresholded 

micrograph with black 
background 

(Gwyddion software) 

0.454 ± 0.004 

Prob(inside tσ) 88.08 % 

 

Table B.2. The comparison of the bare-hand measurements of 2D lattice parameters and the 
2D ACF analysis of the segmented micrograph of a selected circle in the SEM of the inner 
face of a Roperia tesselata valve (illustrated in Fig. B.6a). This table is reproduced from 
Ghobara et al. [123]. 

Method of 
measurement 

Lattice 
spacing a1 
(Red line) 

(µm) 

 
Lattice 

spacing a2 
(Green line) 

(µm) 
 

 
Lattice 

spacing a3 
(White line) 

(µm) 
 

Angle 1 
(degree) 

Angle 2 
(degree) 

Angle 3 
(degree) 

Measurements 
via bare-hand for 

the original 
micrograph 

(ImageJ 
software) 
(center to 

center) 

1.95 ± 0.05 1.83 ± 0.07 1.85 ± 0.06 60 ± 3 63 ± 3 58 ± 2 

Measurements 
via 2D ACF 

analysis for the 
thresholded 
micrograph 

1.914 ± 
0.002 

1.816 ± 
0.001 

1.845 ± 
0.001 

59.17 
63.09 ± 

0.04 
57.77 ± 

0.03 
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Table B.3. The comparison of the bare-hand measurements of 2D lattice parameters and the 
2D ACF analysis of segmented micrographs of the SEM of the inner face of a Haslea sp. valve 
(illustrated in Fig. B.6b). This table is reproduced from Ghobara et al. [123]. 

Method of measurement 
 

Lattice spacing 
a (px) 

 
Lattice spacing 

b (px) 

Angle 1 
(degree) 

Angle 2 
(degree) 

Measurements via bare-
hand for the original 

micrograph 
(ImageJ software) 
(center to center) 

38 ± 1 46 ± 2 92 ± 3 90 ± 3 

Measurements via 2D ACF 
analysis for the thresholded 

micrograph 
(Gwyddion software) 

37.305 ± 0.006 46.076 ± 0.008 
90.37 ± 0.01 89.63 ± 0.01 

Prob(inside tσ) 
48.39 % 96.81 % 58.92 % 90.45 % 

 

Although the probability was variable, it was deemed acceptable for all 

studied parameters. This implies that the match between the bare-hand 

measurements and the 2D ACF extracted values is perfectly reasonable, and the 

agreement between the two methods is satisfactory. Thus, we can depend on the 2D 

ACF method in lattice recognition and measurements with high accuracy. However, 

it should be noted that the information obtained easily with the bare-hand 

measurements of the lattice variation within the valve is less accessible in the 2D ACF 

measurements, as the coherence is also influenced by the sampling size. 

 

B.2.3. Exploring the periodicities and the possible presence of different 
2D Bravais lattices in the studied micrographs employing the 
proposed method 

Non-periodic pores 

When cultivated in optimal conditions, most diatoms synthesize well-engineered 

valve and girdle bands with periodic to quasi-periodic porosity, usually arranged in 

the striae. However, as became apparent throughout this study, a few species 

exhibit irregular pore arrangements, such as the pores appearing at the outer face of 

Thalassiosira pseudonana valve (Fig. B.7). As can be seen, no periodic relations are 

observed between its pores in the 2D ACF pattern. 

(Gwyddion 
software) 

Prob(inside tσ) 51.85 % 84.15 % 93.62 % 77.95% 97.61% 90.45 % 
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Fig. B.7. A close-up SEM of the outer face of a Thalassiosira pseudonana valve (at left, scale 
bar = 0.2 μm) with its corresponding segmented micrograph (in the middle) and 2D ACF 
pattern showing no periodicity (at right). This SEM is reproduced from Kröger et al. [70]. The 
whole figure is modified from Ghobara et al. [123]. 

 

Linear periodicity of pores in striae (1D periodicity) 

As already explained, most diatom species, centrics and pennates, show regular to 

quasi-regular linear striae, extending from the annulus (in case of centrics) or from 

the sternum (in case of pennates) reaching the outline of the valve. These striae can 

be considered the first level of pore periodicity (1D periodicity) present in diatom 

silica layers. Fig. B.8 shows linear periodicity within a single stria in a pennate valve. 

 
 

 

 

 

 

 

 

Fig. B.8. A segmented SEM of a zoom-in the inner face of a Haslea sp. valve (at left). An 
isolated single stria shows a linear periodicity between its neighboring pores (in the middle), 
which appears clearly in the corresponding 2D ACF pattern (at right). This figure is modified 
from Ghobara et al. [123]. 
 

According to the distance and angle relations between the pores of 

neighboring striae, the presence or absence of extra periodicities can be determined. 

Throughout the study, an additional circular periodicity (branching striae), additional 

linear periodicity (e.g., Figs. B.5b-c), or further 2D lattice structures with periodicities 

and symmetries in 2D (see below) were observed. 

  

Different 2D Bravais lattices in diatom pore arrays 

Using the proposed method, the possible presence of a 2D lattice in a given 2D 

periodic pore array can be detected, and the lattice parameters can be measured 
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and compared to the five 2D Bravais lattices through the lattice recognition logic 

flow. Examples of all 2D Bravais lattices, with different levels of imperfection, were 

observed while studying the pore arrays of distinct diatom valves (Table B.4). This 

can be considered an addition to the literature, where—to the best of my 

knowledge—only 2D hexagonal and 2D square lattices were reported [123]. 

 

Table B.4. The lattice parameters and lattice types found in some of the studied examples 
using the proposed method. Length is in pixels, while angle is in degrees. This table is 
adapted from Ghobara et al. [123]. 

Species Fig. 

vector 
length 

a 
(px) 

vecto
r 

lengt
h b 
(px) 

Angle 
betwee

n the 
two 

vectors 
(degre

e) 

Deviation 
of vector 
length b 
compare

d to 
vector 

length a 
(%) 

Deviation of 
angle θ 

compared 
to closest 

perfect 
angle 
(%) 

Lattice 
type with 
deviation 
up to 5% 

Lattice 
type with 
deviation 
up to 10% 

Roperia 
tesselata  

(outer face) 

B.9a 23.18 23.65 57.9° 2 3.5 Hexagonal Hexagonal 

Roperia 
tesselata  

(inner face) 

B.9b 23.18 24.01 57.6° 3.6 4 Hexagonal Hexagonal 

Triceratium 
favus 

B.9c 25.06 25.74 61.1° 2.7 1.8 Hexagonal Hexagonal 

Asterolampr
a 

marylandica 
(outer face) 

B.10
a 

52.72 55.72 57.7° 5.7 3.8 Oblique Hexagonal 

Asteromphal
us hookeri  

(inner face) 

B.10
b 

12.09 13.26 56.1° 9.7 6.5 Oblique Hexagonal 

Cocconeis 
sp. 

B.12
b 

32.78 38.03 54.5° 16 9.2 Oblique Oblique 

Haslea sp. B.6b 37.30 46.08 90.4° 23.5 0.4 
Rectangul

ar 
Rectangula

r 

Pleurosigma 
sp. 

B.12
a 

39.55 41.99 69.3° 6.2 15.5 Oblique 
Centered 

rectangula
r 

Gyrosigma 
balticum 

B.11
b 

34.88 29.58 96.5° 15.2 7.2 Oblique 
Rectangula

r 

Gyrosigma 
fasciola 

B.11
a 

39.52 42.45 87.3° 7.4 3 
Rectangul

ar 
Square 
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All the numerical values of lattice parameters were to some degree imperfect 

compared to the mentioned 2D Bravais lattices, which means that all mentioned 

examples would be assigned to the 2D oblique lattice if no imperfection levels were 

tolerated. However, in most cases, allowing a small degree of imperfection, the 

lattice parameters were very close to other types of 2D lattices.  

 Interestingly, among the examples studied here, two centric diatoms showed 

2D pore arrays featuring a 2D hexagonal lattice with a deviation of only up to 5% 

from the perfect lattice. This includes the pore arrays that appear at the outer and 

inner valve faces of Roperia tesselata (Fig. B.9a and b, respectively) and the inner 

face of a Triceratium favus valve (Fig. B.9c). These results—combined with previous 

reports in the literature—suggest that the 2D hexagonal lattice could be a common 

feature in the valves of centric diatoms, with different degrees of imperfection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. B.9. Examples of pore arrays with almost perfect 2D hexagonal lattice, deviations up to 
5%. (a and b) A segmented SEM micrograph of the outer and inner faces of Roperia tesselata 
valve (micrograph size = 1024 x 800 pixels), respectively, and their corresponding 2D ACF 
patterns at the bottom (4x magnified). It should also be noted that the two valves belonged 
to two different frustules, however, showed very similar pattern with an almost perfect 2D 
hexagonal lattice. (c) a segmented SEM micrograph of the inner face of a Triceratium favus 
valve (micrograph size = 512 x 459 pixels), with its sharp edges removed, and its 
corresponding 2D ACF pattern at the bottom (4x magnified). This figure consists of merged 
figures modified from Ghobara et al. [123]. 
 

Moreover, a clear example of the 2D rectangular lattice was observed during 

the study of the 2D pore arrays appearing at the inner face of a Haslea sp. valve (Fig. 

B.6b). This lattice may be very common in pennates, where the neighboring striae 

tend to be parallel to each other and perpendicular to the sternum, thus, leaving an 

Pleurosigma 
angulatum 

B.11c 25.67 24.89 63.6° 3 6 
Centered 

rectangula
r 

Hexagonal 
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angle of almost 90° between the lattice vectors, while the spacing between the two 

neighboring striae is often larger than the spacing between the neighboring pores in 

the same stria. This means, in this type, the lattice vector length between the two 

parallel striae is larger than that between two neighboring pores in the same stria, 

which is a characteristic of a 2D rectangular lattice.  

 

 

 

 

 

 

 

 

 

 
 

Fig. B.10. (a) A segmented SEM micrograph of a zoom-in the outer face of a Asterolampra 
marylandica valve (micrograph size = 512 x 459 pixels) and its corresponding 2D ACF pattern 
at right. (b) A segmented separated part of an SEM of  the inner face of a Asteromphalus 
hookeri valve (micrograph size = 1021 x 785 pixels) and its corresponding 2D ACF pattern at 
right (16x magnified). This figure is reproduced from Ghobara et al. [123]. 
 

Furthermore, the pennate diatom Gyrosigma fasciola reported here as an 

example of the presence of pore arrays with 2D square lattice in pennates if we 

accept the deviation in lattice parameters up to 10% compared to the perfect 2D 

square lattice (Table B.4, Fig. B.11a). In the literature, the 2D square lattice was 

reported for a few centrics and pennates. In centrics, this lattice seems to only occur 

within the pore arrays of girdle bands. For instance, Fuhrmann et al. [42] reported 

the 2D square lattice for the pore arrays of girdle bands of the centric diatom 

Coscinodiscus granii, while the valves showed a 2D hexagonal lattice. This was 

further confirmed by Goessling et al. [125], as they reported the presence of 2D 

square lattices in the girdle bands of Thalassiosira pseudonana, Coscinodiscus granii, 

Coscinodiscus radiates, and Coscinodiscus wailesii. Thus, 2D square lattice might be 

frequent in the girdle bands of centrics.  

Interestingly, one of the studied examples, Pleurosigma angulatum, has a 2D 

centered rectangular lattice if we accept a deviation of up to 5% (Table B.4, Fig. 
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B.11c). Additionally, Pleurosigma sp. (Fig. B.12a) showed also a 2D centered 

rectangular lattice if we accept a deviation up to 10%. 

 

 

 

 

 

 

 

 

 

 

Fig. B.11. SEMs showing a zoom-in the 2D pore arrays of the valves of Gyrosigma fasciola (a), 
Gyrosigma balticum (b), and Pleurosigma angulatum (c) at left, the corresponding 
segmented images in the middle, and 2D ACF patterns at right. The micrograph size of (a) = 
276 x 179 pixels, (b) = 276 x 182 pixels, and (c) = 276 x 180 pixels. The SEMs (with the red 
drawings) are reproduced from Goessling et al. [338]. The whole figure consists of merged 
figures modified from Ghobara et al. [123].  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. B.12. (a) SEM of the inner face of a Pleurosigma sp. valve (micrograph size = 1,024 × 800 
pixels) at left, a selected segmented part of the valve in the middle, and its corresponding 2D 
ACF pattern at right (4x magnified). (b) SEM of the outer face of a Cocconeis sp. valve 
(micrograph size = 1,021 × 847 pixels) at left, a selected segmented part of the valve in the 
middle, and its corresponding 2D ACF pattern at right (4x magnified). This figure consists of 
merged figures modified from Ghobara et al. [123].  
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B.2.4. The perfection in diatom pore arrays: limitations and 

conclusions  

Although the suggested method could provide a valuable tool for studying diatom 

pore arrays’ periodicities and symmetries that anyone can use, a modification of this 

method should be considered in future—as discussed in Ghobara et al. [123]—to 

include the standard deviation of the lattice (i.e., the change of the lattice 

perfection over a given diatom surface, for example, from a valve center to its 

edges), and thus, enabling the judgement on the perfection of a given lattice in a 

more precise way. This should be achieved, in future work, by extracting the 

standard deviation directly from the 2D ACF analysis, which was not possible using 

the current approach. 

As shown in Table B.4, if we only considered the obtained averaged lattice 

parameters (which were in a good match with the lattice parameters extracted via 

bare-hand measurements, see subsection B.2.2), some examples approach 

perfection in lattice parameters (others than oblique) with a deviation level below 

5% compared to the perfect 2D Bravais lattices, such as Roperia tesselata and Haslea 

sp. It should be noted that the standard deviation in the lattice parameters extracted 

by bare-hand measurements for Roperia tesselata was also only up to 5% (see Table 

B.2). That likely means Roperia tesselata could build 2D pore arrays of an almost 

perfect 2D hexagonal lattice. This is also the case for Haslea sp. (see Table B.3), 

which could build an almost perfect 2D rectangular lattice. 

Furthermore, the valves of some diatom species show a connected pore 

array, such as the case of Roperia tesselata valves (Figs. B.9a and b), while other 

diatom species show distinct groups of pore arrays in their valves with additional 

rotational and/or reflectional symmetries, as the examples shown in Figs. B.12 and 

B.13. Some examples show a high reproducibility of the lattice perfection level 

among their distinct groups of pore arrays, while others do not (see further Ghobara 

et al. [123]). 

All in all, studying the perfection level of 2D pore arrays is crucial for the 

numerical analysis of the light modulation capabilities of a given valve, e.g., to 

investigate their ability to exhibit optical resonances or a photonic bandgap. When 

we have a connected pore array over a valve surface with a 2D lattice approach 

perfection (of deviations below 5%), the numerical analysis using a 3D single unit cell 

with periodic boundary conditions could be representative. While by increasing the 

imperfections or variations between distinct valve parts, the unit cell model will not 

be valid, and the analysis of larger structures with many unit cells—or, if possible, 

the complete valve structure—is required. The same conclusion is obtained for the 

case of a single valve with distinct groups of pore arrays of additional reflectional 

and/or rotational symmetries, such as the examples shown in Figs. B.12 and B.13. 



 

199 
 

Such valves cannot be considered as a single finite-size 2D PC, as the lattice vector 

directions are changing between distinct parts, but rather as a combination of 

smaller and distinct 2D PCs. That will probably lead to interesting optical and 

photonic features that are awaiting to be explored. 

 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. B.13. (a) SEM of the inner face of an Asteromphalus hookeri valve (image size = 1,021 × 
885 pixels) and (b) its segmentation, showing distinct pore groups (numbered from 1 to 6) 
with rotational symmetry. (c) An example illustrating the idea of isolating distinct pore array 
groups, showing group number 4 and (d) its corresponding 2D ACF pattern (4x magnified). 
Scale bar of the SEM = 30 µm. This figure is modified from Ghobara et al. [123].  
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Appendix C: A Preliminary study on incorporating diatom 

valves as optical building blocks into MISM 

organic photodetectors  
 

 

 

In the conventional Schottky-barrier optoelectronic devices, named after Walter H. 

Schottky, a photovoltaic semiconductor (abbr. S) is brought in direct contact with a 

metal electrode (abbr. M). In such devices, the excitons (i.e., electron-hole pairs) 

generated within the semiconductor—by absorbing photons of higher energy than 

the semiconductor bandgap—can be separated and generate a photocurrent (DC 

current) based on the Schottky barrier (caused by the difference in the working 

functions of the two materials and band bending at the interface) [339]. Although 

the conventional MS devices exhibited low efficiency, they have been improved by 

different strategies, for instance, by introducing an ultra-thin insulating layer 

[340,341] or an oxide layer [342] between the metal and semiconductor, which 

enabled their utilization in various fields, including the fabrication of photodetectors 

and solar cells.  

In recent years, organic semiconductors have been increasingly employed in 

optoelectronic devices (including photodetectors) as an alternative to inorganic 

semiconductors due to their flexibility, relatively low cost, the ability to tune their 

bandgap, and being more friendly to the environment [343–345]. In organic 

semiconductors, the band gap is determined based on the difference between the 

so-called HOMO (i.e., highest occupied molecular orbital) and LUMO (i.e., lowest 

unoccupied molecular orbital) levels, analogous to the valence and conduction bands 

in the inorganic semiconductors, respectively. Despite the merits, organic 

semiconductors also have some drawbacks, if compared to inorganic 

semiconductors, such as their poor stability, poor charge mobility, and intrinsic short 

diffusion length (i.e., the average distance that the charge carriers can travel within 

the material without recombining). In recent years, different approaches have been 

developed to overcome such drawbacks and, thus, enable commercial applications 

[346,347].   

In 2010, Hu et al. [348] observed that employing a thick organic 

semiconductor layer in an MSM device dramatically changes the device behavior. 

When illuminating that device, a transient signal was obtained instead of the steady-

state current obtained in the conventional MSM (Fig. C.1a). By switching the light 

off, another transient signal of an opposite polarity was obtained (Fig. C.1a). Such 

anomalous behavior was attributed to the poor conductivity of the thick organic 

semiconductor (due to the short diffusion length of charge carriers), where a large 
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part of the film acts as an insulating layer (see Figure 3 in [349]). To validate this 

assumption, an MISM device was fabricated (by inserting a thick insulating layer 

between a thin S layer and one of the metal electrodes) and tested, where the 

anomalous transient signal was also obtained [350].  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. C.1. (a) a simple plot showing an example of the response of MSM device (the DC 
current in blue) compared to MISM device (transient signal in red) when illuminated with a 
flickering signal (light ON/OFF). (b) Energy-level diagram of an example of organic MISM 
device, showing the EDL formed in the IL layer. (c) Simplified sketch of the proposed 
equivalent circuit to the device. Fig. (a) is reproduced from Mori [351], while Figs. (b) and (c) 
are adapted and modified from Reissig et al. [345]. 
 

To simplify the MISM device, it can be seen as a photodiode in a series with a 

capacitor [352]. In that context, when the light is on, the rise and decay of the 

transient signal peak could be attributed to the photogenerated charges within the S 

layer and the charging of the capacitor element, respectively. By switching the light 

off, the rise and decay of the generated peak can be attributed to discharging that 

capacitor [352]. It has been proposed that the potential difference across the I layer 

becomes crucial in determining the charge selectivity at the electrodes and, thus, the 

signal polarity (see section 4.2 in [351]). Moreover, an equivalent circuit simulating 

and explaining the behavior of MISM devices has also been proposed (Fig. C.1c), 

showing that the electronic properties (i.e., capacitance and resistance) of S and I 

layers play crucial roles in shaping the transient signal (e.g., determining the 

associated rise and decay times) [344]. 
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Interestingly, utilizing organic ionic liquids (IL) as an insulating layer led to a 

pronounced improvement in the obtained transient signal of MISM devices 

attributed to their large dielectric constants [353]. When operating IL-based MISM 

device, electric double layers (EDLs) are formed at the interfaces of IL with the 

adjacent M and S layers (see, e.g., Fig. C.1b). Many studies have been conducted on 

organic photodetectors with IL-based MISM or MISIM (by adding an additional 

insulating layer) architectures [344,345,351,354–356].  

This Appendix aims to demonstrate the preliminary attempt to incorporate 

diatom valves as optical elements into IL-based MISM organic photodetectors, 

seeking to enhance their performance (e.g., signal magnitude).  

 

C.1. Methods 

C.1.1. Photoactive electrodes fabrication 

In general, M1ISM2 photodetector devices consist of two metal electrodes (M1, M2) 

with a photoactive semiconductor layer (S) and an insulating (I) layer in between. As 

the On-Tip On-Dip method [355] will be employed here for evaluating the devices’ 

performance (as described in subsection C.1.2), the fabrication of only the 

photoactive electrodes (consisting of S layer on top of a metal electrode M2) was 

required. Here, a gold film was utilized as M2 (abbr. MAu). While the heterojunction 

blend of the semiconductor polymer poly(3-hexylthiophene-2,5-diyl) (P3HT, Rieke 

metals, USA) and the fullerene derivative [6,6]-Phenyl C61 butyric acid methyl ester 

(PCBM, Solenne BV, Netherlands) was utilized as the active S layer (abbr. SPP). In this 

system, the P3HT and PCBM are considered p-type and n-type semiconductors, 

respectively. All fabricated electrodes were stored in dark under vacuum till 

analyzed. 

  

Reference photoactive electrode (abbr. SPPMAu): 

First, metal electrode MAu was fabricated by thermally evaporating a gold film onto a 

glass substrate (of dimensions 13 x 26 mm) using the same PVD chamber used in 

subsection 3.5.1 (Chapter 3) and at the same vacuum conditions (10-6 Torr). Before 

depositing the gold film, a thin film of chromium (Cr) was evaporated on the glass 

substrate with an evaporation rate of 0.1 Å/s, reaching a final thickness of 100 Å (=10 

nm) to enhance the adhesion of the gold film to the glass substrate. Following that, 

the gold film was deposited with an evaporation rate of 1 Å/s, reaching a final 

thickness of 1000 Å (=100 nm).  

Thereafter, Dr. Martina Gilic deposited a thin layer of SPP (P3HT:PCBM of a 

ratio 1:1, dissolved in chlorobenzene with a total concentration of 20 mg.ml-1) on top 

of the gold electrode via spin coating (3000 rpm for 1 min). Following that, she 
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annealed the SPP layer for 10 min in an inert gas atmosphere (to avoid contamination 

with oxygen and water vapor that can influence its performance) and in dark (to 

avoid its photodegradation). It should be noted that the spin coating and annealing 

parameters were optimized by Dr. Martina Gilic in the light of previous work [351], 

and by monitoring the characteristic UV-Vis spectrum of the obtained active layer 

(measured for SPP films deposited over quartz glass and annealed under the same 

conditions).   

 

Diatom-based photoactive electrode: 

Two different approaches were followed to investigate the influence of adding 

Ethmo valves—as optical building blocks—to the photoactive electrode, as 

demonstrated below. 

Approach I:  

In this approach, the fabricated electrode (abbr. SPP+EthmoMAu) was the same as the 

reference electrode but with the presence of Ethmo valves mixed with the SPP layer. 

About 15 mg of the dry powder of Ethmo valves was mixed with the P3HT:PCBM 

solution while preparing it, before spin coating. 

Approach II:  

In this approach, the fabricated electrode (abbr. SPPMAu+Ethmo) was different from the 

reference electrode, as it was prepared by employing the method used to fabricate 

the SERS hybrid substrates to obtain a 10 nm gold film over a homogenous layer of 

Ethmo valves, which was prepared as described in subsection 3.1.2 (Chapter 3). 

Afterwards, Dr. Martina Gilic spin-coated and annealed the SPP layer, employing the 

same method used for the reference electrode. 

 

C.1.2. Photocurrent measurements using On-Tip On-Dip method 

The photocurrent measurements shown here were carried out together with 

Professor Louisa Reissig. The methods for testing and analyzing the performance of 

MISM photodetectors—which are based on P3HT:PCBM as an active layer and ionic 

liquid (IL) as an insulating layer—have already been established in previous studies 

(e.g., [345,351]). Among the developed methods, the On-Tip On-Dip method has 

been utilized as a facile method to test the performance of these devices [355]. 

Here, this method will be employed to obtain preliminary information on the 

influence of Ethmo valves on the performance of the fabricated photoactive 

electrodes when integrated into the MISM device architecture.  

Fig. C.2 illustrates the home-built experimental setup used for the 

photocurrent measurements utilizing the On-Tip On-Dip method, which is located at 

AG Reissig, Physics department, FU Berlin. A green LED (λmax ≈ 530 nm), fixed in a 
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home-built LED light box, was utilized as a source of light signal. The LED light was 

coupled to an optical fiber (1 mm core, M71L01, Thorlabs, USA) through a condenser 

lens to guide the light signal to the device. The emitting end of the optical fiber was 

fixed on an aluminum holder (Al). The LED light box was connected to a function 

generator (TEXIO FG-274) to trigger a square-wave modulated light signal (the light is 

flickering between ON and OFF). The flickering frequency was controlled via the 

function generator, while the signal intensity was controlled via the LED light box. 

 

  

 

 

 

 

 

 

Fig. C.2. A schematic diagram illustrates the experimental setup used in the photocurrent 
measurements, employing the On-Tip On-Dip method. 
 

In this setup, the photoactive electrode was fixed in a home-built device 

holder. The MAu (as being the working electrode) was connected to a low-noise 

transimpedance amplifier (Femto DLPCA-200, FEMTO Messtechnik GmbH, 

Germany), which was connected to a digital oscilloscope (Tektronix MDO3024, up to 

200 MHz, Tektronix UK Ltd., UK). By this, the obtained photocurrent during 

measurements can be amplified, monitored, and recorded. The function generator 

was connected to the oscilloscope (as a reference signal). 

Directly before the measurements, the fabricated photoactive electrodes 

were exposed to air. Due to the expected influence of air on the performance of the 

active layer, a fixed time (≈ 8 min) was spent to prepare the electrode for 

measurements, which enables comparing the performance of distinct electrodes. 

The measurements were started by completing the architecture of the MISM 

device. For this, a drop of IL (1-Ethyl-3-methylimidazolium tetrafluoroborate, TCI, 

>97.0%, abbr. EMIM BF4) was dropped on top of the SPP layer. Following that, the 

optical fiber tip was dipped into the IL drop, as illustrated in Fig. C.2. Then, the 

aluminum holder (as being the counter electrode MAl) was grounded. When 

illuminating the device with the flickering light (ON/OFF) signal—of a given 

frequency—the characteristic transient signal was obtained, amplified by factor of 

104, monitored on the oscilloscope, averaged (64 times), and recorded. It should be 

noted that the photocurrent direction can be determined during the measurements. 
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Each device was analyzed separately under the same conditions, which includes the 

light intensity (monitored by a silicon photodiode built-in the device holder), the size 

and position of IL drop, and the distance between SPP and MAl.  

Each device was studied for at least 80 min to investigate the short-time 

stability of the obtained transient signal at a frequency where a full decay (unless 

otherwise stated) for the light ON and light OFF peaks occurs, as the example shown 

in Fig. C.3. When the obtained signal became relatively stable over time, a 

frequency-dependency study was carried out by changing the flickering frequency 

from the function generator (between 10 Hz and 100 KHz) and recording the 

transient signal. 

   

C.1.3. Data analysis 

The recorded data was imported to Igor pro software for further analysis. The 

recorded signals were in volt (V), as the transimpedance amplifier converted the 

photocurrent into voltage. Therefore, each signal was converted back to current (in 

ampere A) through dividing it by the amplification factor 104. The intensity of the 

signal was estimated by measuring peak-to-peak value (abbr. Ipkpk, which equals 

Ipk,ON + Ipk,OFF), as demonstrated in Fig. C.3. Rise and decay times for the light ON and 

OFF peaks could also be extracted from the signal (see further [351]). 

 

 

   

 

 

 

 

 

 

Fig. C.3. An example of the obtained transient signal, showing a full decay for the light on 

and off peaks. 

 

C.2. Results and discussion 

C.2.1. The description and ultrastructure of the utilized diatom sample  

The diatom sample used in this study (which was available in sufficient amounts for 

the study in the lab at that time) was mainly composed of microscopic fragments 

belonging to the giant diatom Ethmodiscus rex (Ethmo), as can be seen in Fig. C.4. 
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Such fragments are observed in a typical Ethmodiscus ooze (see plate 2, 3 in [357]). 

The irregular diatom fragments have a flake-shaped morphology and a simple, 

porous structure (Fig. C.4). The average pore diameter is about 1 μm, while the 

average lattice spacing (center-to-center) is about 1.5 μm. The approximate 

thickness of the valve fragments is about 1 μm.   

 

 

 

 

 

 

Fig. C.4. SEMs show the overall morphology (at the left) and the ultrastructure (at the right) 
of Ethmo valve fragments utilized in fabricating diatom-based photoactive electrodes. The 
raw SEMs were acquired by Dr. Martina Gilic. 

 

C.2.2. The obtained active layer 

The used spin coating conditions should produce a thin SPP layer of a thickness at 

around 50 nm, as can be understood from [351]. Fig. C.5 shows the UV-Vis spectra 

of the obtained SPP layer over quartz at different situations. Peaks at the UV spectral 

range are correlated to PCBM, while the peaks at the Vis spectral range are 

correlated to P3HT [351]. After annealing SPP+Ethmo film, the magnitude of the PCBM 

peaks was much reduced in the obtained UV-Vis spectra if compared to the 

annealed SPP film. The optical micrographs of the SPP+Ethmo film also suggest that 

there were changes introduced to the active layer microstructure by introducing 

Ethmo fragments (Fig. C.6).  

 
  

 

 

 

 

 

 

 

 

 

Fig. C.5.  The UV-Vis spectra of the Spp layer (spin coated on quartz glass) before and after 
annealing, with and without Ethmo fragments. The UV-Vis measurements were carried out 
by Dr. Martina Gilic.  
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Fig. C.6.  Optical micrographs of Spp+Ethmo layer (spin coated on quartz glass) before and after 
annealing under 10x and 40x objectives. The blue arrow indicates a part of an Ethmo 
fragment exposed to air (can be seen as a defect in the film), while the red arrow indicates a 
colorless zone within the Spp+Ethmo annealed film (expecting less P3HT). 
 

C.2.3.  Comparing the response of distinct MISM photodetectors 

Reference photodetector (MAlIILSPPMAu) 

The reference photodetector generated the characteristic transient photocurrent 

signal when exposed to the flickering (ON/OFF) light (Fig. C.7a). In the used setup, 

the negative polarity of the light ON peak (abbr. Pk ON) indicates that the working 

electrode MAu (of higher working function) was extracting electrons at the MAu/SPP 

interface when the Light is ON (Fig. C.7a). This result agrees with previous work on 

comparable device architectures [345], where the equal ratio of P3HT and PCBM led 

to electron extraction at the working electrode, influenced by the potential 

difference between the S layer and counter electrode.  

The PK ON showed a faster rise and decay time than the PK OFF, which may 

be attributed to the lower resistance within the Spp layer and the faster charging of 

the capacitor under illumination, as suggested by Mori [351]. By operating the 

device, the signal intensity IPKPK was decreasing over time, simultaneously with 

increasing the decay times (Figs. C.7a and b). Such behavior was also observed in 

[345,351] and has been linked to the reduction in extracted charges from the SPP 

layer, probably associated with the influence of the ionic liquid by filling the traps or 

photoinduced ions expulsion/inclusion within the SPP layer over operation time. The 

reduction in IPKPK became slower by the time (Fig. C.7b), probably approaching an 

equilibrium situation. It should be noted that by storing the photoactive electrode in 

the dark and retesting it, a partial restoration of the signal intensity was observed, 

which was dependent on the resting time and storage conditions. 
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Fig. C.7. A sketch of the reference device architecture (at the top). (a) The generated 
transient signal (recorded at 40 Hz) at different times from the first exposure to the 
flickering light signal. The inset shows the normalized Light ON peaks, illustrating that the 
decay time became slower over operation time. (b) The time-dependence of IPKPK value at 
three frequencies that showed an almost full decay for the transient peaks. (c) The changes 
in the transient signal shape and magnitude at different frequencies. (d) The frequency-
dependence of IPKPK value. The standard deviation (extracted from the oscilloscope) of the 
average IPKPK values shown in (b) and (d) was up to ± 0.8 μA.   
 

Figs. C.7c and d show the dependency of the transient signal shape and 

magnitude on the flickering light frequency. The device reached almost a full decay 

for the PK ON and OFF at frequencies 20, 40, and 100 Hz. By increasing the 

frequency, the charging/discharging of the capacitor at the interfaces of the IL layer 

cannot be fully accomplished (the decay of the transient peaks is cut off). This 

observation was increased by increasing frequency till the device behavior was 

changed and the Ipkpk value dramatically dropped. 
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Diatom-based Photodetectors 

Figs. C.8 and C.9 illustrate the photocurrent results of diatom-based MISM 

photodetectors. In general, the transient signal intensity (Ipkpk value) of diatom-based 

devices was significantly lower than that of the reference device. When diatom-

based devices were exposed to the flickering light, the transient signal appeared as a 

negative PK ON (positive PK OFF), indicating that the electrons were extracted at the 

MAu/SPP interface, similar to the reference device. Additionally, a double peak 

behavior was observed in both cases, which indicated the presence of competing 

currents, as suggested in [345,351]. That means there were also holes extracted at 

MAu/SPP interface. After a few minutes, the polarity was inverted to have a positive 

PK ON (negative PK OFF), which indicated that the extraction of holes at the MAu/SPP 

interface became more favourable.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. C.8. A sketch of the diatom-based device (Approach I) architecture (at the top). (a) The 
generated transient signal (recorded at 100 Hz) at different times from the first exposure to 
the ON/OFF light signal. (b) The time-dependence of IPKPK value at two different frequencies. 
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(c) The changes in the transient signal shape and magnitude at different frequencies.  (d) The 
frequency-dependence of IPKPK value. The standard deviation of the average IPKPK values 
shown in (b) and (d) was up to ± 1.2 μA.   
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. C.9. A sketch of the diatom-based device (Approach II) architecture (at the top). (a) The 
generated transient signal (recorded at 100 Hz) at different times from the first exposure to 
the ON/OFF light signal.  (b) The time-dependence of IPKPK value at two different frequencies. 
(c) The changes in the transient signal shape and magnitude at different frequencies.  (d) The 
frequency-dependence of IPKPK value (d). The standard deviation of the average IPKPK values 
shown in (b) and (d) was up to ± 0.5 μA.  
 

In the case of MAlIILSPP+EthmoMAu device, the polarity inversion was likely 

associated with the changes introduced to the SPP layer by inserting Ethmo 

fragments, which is evident in the UV-Vis spectrum and optical micrographs of the 

SPP+Ethmo layer (See subsection C.2.2). Introducing Ethmo fragments seemed to 

change the microstructure of the P3HT:PCBM blend, as some places of the annealed 

film had colorless zones, which might indicate the presence of only PCBM (Fig. C.6). 
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The UV-Vis spectrum suggested that the amount of PCBM was much reduced after 

annealing (Fig.C.5), which might be correlated to specific unknown interactions of 

PCBM molecules and Ethmo fragments that need further investigations. Such 

changes may lead to decreasing the fermi level of the blend, thus influencing the 

potential difference across the IL layer and consequently, the signal polarity, a 

situation similar to using a higher ratio of P3HT relative to PCBM, reported in 

[345,351]. The Ethmo fragments also seemed to introduce defects to the SPP layer 

(see Fig. C.6, blue arrow), which could influence the electronic properties of the 

layer.  

A similar scenario can be suggested for the MAlIILSPPMAu+Ethmo device where 

the presence of Ethmo fragments monolayer underneath the 10 nm gold layer could 

influence the spin coating and annealing of the P3HT:PCBM film, but also adding to 

that the increased resistance of the ultrathin Au working electrode if compared to 

the 100 nm Au working electrode of MAlIILSPP+EthmoMAu and reference devices, which 

likely also contributed to the observed reduction in the signal intensity (Fig. C.9a vs. 

C.8a). Despite that, it was remarkable to obtain the charges still extracted from such 

ultrathin film with a magnitude still comparable to the MAlIILSPP+EthmoMAu device of 

100 nm working electrode. Possible localized SPR effects associated with the 

ultrathin film could be an interesting feature to investigate in future work; however, 

the thickness needs to be optimized first to increase the signal magnitude.  

After the polarity inversion, by operating MAlIILSPP+EthmoMAu device, the Ipkpk 

value increased until reaching a maximum before slowly decreasing (Fig. C.8b). A 

steady-state positive current (leakage) of about 0.3 μA (after an operating time ≈ of 

74 min) was observed only in the PK ON, which was increasing with time (Fig. C.8a). 

This might be attributed to the presence of trapped charges inside SPP+Ethmo layer 

accumulating over time. In the case of MAlIILSPPMAu+Ethmo device, the polarity 

inversion needed a longer time (Fig. C.9b), while the steady-state positive current 

was also about 0.3 μA (after an operating time ≈ of 96 min) (Fig. C.9a). 

  

C.3. Conclusion and future work 

It can be concluded from the literature, as well as the light modulation capabilities 

illustrated in this thesis, that incorporating diatom valves within (or in proximity) the 

photoactive layer of any optoelectronic device would increase the local electric field 

Eloc within that layer, thus enhancing its absorption. Nevertheless, integrating Ethmo 

fragments into the photoactive electrode of MISM devices using the previous 

approaches seems to deteriorate their performance, probably by influencing the 

electronic properties of the SPP layer. In this case, even if diatoms enhanced the 

absorption of the SPP layer, the ability to extract the photogenerated charges 
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decreased. The presence of defects in the SPP layer, double peak behavior, and the 

observed leakage are all problems that need to be solved.   

Future work should consider testing other approaches for integrating diatom 

valves into the device architecture to solve the observed problems. One approach, as 

already mentioned, could achieved by optimizing the MAlIILSPPMAu+Ethmo device, 

which can be carried out by optimizing the thickness of the gold layer and/or by 

inserting an additional insulating layer between MAu+Ethmo and SPP layers (to facilitate 

spin coating of a smooth SPP layer on top), obtaining an MISIM architecture. 

Alternatively, the diatom valves can also be mixed with the IL layer, which can be 

settled on top of the SPP layer. In this case, the light will reach diatom valves first 

before being scattered. In this approach, the type of ionic liquid (its electric 

permittivity) is expected to change the light modulation abilities of these valves. 

Another approach is to employ different methods to form the SPP layer rather than 

spin coating. Finally, we should, in all cases, select the suitable valves (and if possible, 

their orientation on the substrate) that could strongly enhance Eloc (e.g., by initiating 

GMR or Talbot effect) within the spectral window of the device (i.e., at the range of 

wavelengths that can be detected by the device).  
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