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Abstract 

This thesis explores the transi6on from conven6onal-lens-based to superlens-assisted 

laser manufacturing techniques, addressing key challenges in the fabrica6on of micro 

and nano devices. Ini6ally, a novel laser direct wri6ng technique was developed for 

crea6ng graphene pa?erns on polybenzimidazole (PBI) thin films and glass substrates. 

This method, using a cost-effec6ve UV laser system, produces high-quality graphene 

without the need for metallic precursors or causing thermal damage, offering a 

scalable and economical solu6on for graphene produc6on. Addi6onally, the research 

introduces a high-precision method for fabrica6ng micro-Fresnel Zone Plates (FZP) 

lenses on thin films, which effec6vely compensates for design-sample discrepancies, 

resul6ng in highly accurate micro lenses. 

Advancing beyond conven6onal-lens-based methods, the research applies superlens-

assisted techniques to enhance refrac6ve index sensing using Long Period Op6cal 

Fiber Gra6ngs (LPGs). By crea6ng nanostructures on LPG surfaces, the sensi6vity of 

these sensors is significantly improved, demonstra6ng the poten6al for more 

responsive and durable sensors. The thesis also introduces the SuperNANO system, 

an innova6ve dual-func6on instrument capable of super-resolu6on imaging and nano-

fabrica6on. This system proves versa6le in applica6ons such as an6-counterfei6ng 

security markings and the precise cubng of nanowires. 

In summary, this thesis not only refines conven6onal-lens-based laser manufacturing 

techniques but also pioneers superlens-assisted methods, contribu6ng significantly to 

the fields of manufacturing, sensing, and pa?erning in micro and nano device 

applica6ons. The findings highlight the poten6al for scalable, cost-effec6ve, and highly 

precise fabrica6on techniques, promising substan6al improvements across various 

industrial and scien6fic domains. 
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Chapter 1. 

Introduc1on 
 

1.1 Introduc5on 

In recent years, the demand for advanced manufacturing techniques has surged, 

driven by the rapid development of micro and nano devices across various industries. 

Laser manufacturing has emerged as a pivotal technology in this domain due to its 

precision, versa6lity, and efficiency[1–3]. This thesis explores the evolu6on from 

conven6onal-lens-based laser manufacturing, constrained by diffrac6on-limited 

resolu6ons, to superlens-based techniques that achieve subwavelength resolu6ons. 

By integra6ng microsphere superlenses, the research demonstrates enhanced 

precision in fabrica6ng micro- and nano-devices, overcoming the limita6ons of 

tradi6onal op6cal focusing methods. 

Conven6onal-lens-based laser manufacturing typically use an op6cal lens to focus the 

laser beam, which is limited by op6cal diffrac6on, resul6ng in focus spot sizes ranging 

from several micrometers to tens of micrometers[4,5]. An example of tradi6onal 

methods includes the development of graphene pa?erns on polybenzimidazole (PBI) 

thin films and glass substrates using a conven6onal femtosecond UV laser system. This 

technique achieves scalable and cost-effec6ve graphene produc6on without requiring 

metallic precursors or causing thermal damage, marking a significant advancement in 

material science[6]. Addi6onally, the fabrica6on of thin-film micro-Fresnel Zone Plates 

(FZP) lenses using laser marking systems demonstrates the capability of conven6onal-

lens-based laser techniques in achieving high-precision op6cal components essen6al 

for various op6cal applica6ons[7,8]. 

However, conven6onal-lens-based laser manufacturing techniques are limited in 

marking and pa?erning resolu6on[9]. There has been a significant push in recent years 

to develop advanced super-resolu6on laser pa?erning and marking techniques 
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beyond the diffrac6on limit[10,11]. With advancements in nanophotonics, plasmonics, 

and metamaterials, several new super-resolu6on microscopy/nanoscopy techniques 

have emerged, such as near-field scanning op6cal microscopy (NSOM)[12] and 

metamaterial superlenses[13]. More recently, the use of microspheres has been 

shown to produce extremely fine focusing beyond the diffrac6on limit through a 

phenomenon known as 'photonic nanojet'[14]. This method has proven to be a simple 

yet effec6ve strategy for achieving sub-diffrac6on resolu6on. Dis6nct from other 

super-resolu6on techniques, this approach offers real-6me visualiza6on under white-

light illumina6on and is both label-free and features low intrinsic loss at higher op6cal 

frequencies[15–18]. Microsphere superlens-assisted nanopa?erning offers significant 

advantages, including low-cost fabrica6on and the capability to pa?ern large areas 

efficiently in parallel, making it a highly economical and versa6le choice for advanced 

manufacturing processes[19,20]. The poten6al applica6ons for microsphere 

superlenses are extensive, especially when combined with other op6cal elements like 

fiber gra6ngs[21]. 

Microsphere superlens-assisted nanopa?erning has been demonstrated mainly on 

flat surface samples, achieving pa?erning resolu6ons within the range of 80 nm to 500 

nm[22,23]. Although some research has been conducted on the pa?erning of curved 

tube surfaces, the tube sizes are on the millimeter to cen6meter scale[24,25]. There 

is no report in the literature on using microsphere superlenses to generate 

nanopa?erns on fiber-based func6onal devices. This thesis introduces the superlens-

assisted pa?erning technique applied to fiber-based op6cal sensor devices—the fiber 

Bragg gra6ng (FBG) and Long Period Gra6ng (LPG)—with fiber diameters of only 125 

μm. For the first 6me, we demonstrate that large-area nanoholes can be generated 

by innova6ve superlens laser pa?erning techniques. This unique laser nanopa?erning 

process increases surface areas for sensing, boos6ng the refrac6ve index sensi6vity of 

LPG sensors through direct laser nanostructuring of LPG surfaces, facilitated by 

microsphere superlenses coated onto these surfaces. This technique significantly 

improves the sensi6vity and durability of LPGs, making them more effec6ve for 
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sensing applica6ons. 

Despite the successful demonstra6on of microsphere superlens-based imaging 

systems and pa?erning systems separately by research groups worldwide[23,26], 

there has been no combined system with simultaneous nano-imaging and nano-

fabrica6on/pa?erning capabili6es. For the first 6me, we developed the SuperNANO 

system—an advanced super-resolu6on plaSorm that integrates nanopa?erning, 

nanofabrica6on, and simultaneous nano-imaging. The system operates in a label-free 

manner, meaning it does not require any external markers, dyes, or fluorescent labels 

to visualize nanoscale features. Instead, it relies on the intrinsic op6cal or structural 

proper6es of the sample itself. This eliminates the need for addi6onal contrast agents 

and preserves the na6ve state of the material, enabling accurate, high-resolu6on 

imaging and fabrica6on at the nanoscale. This system achieves resolu6ons from 50 to 

320 nm, showcasing its versa6lity in crea6ng an6-counterfei6ng security markings and 

precise cubng of nanowires. The introduc6on of a simplified an6-counterfei6ng laser 

marking system u6lizing superlens-assisted nanoscale marking of 2D DotCode further 

enhances security measures, providing a secure alterna6ve to tradi6onal methods. 

 

1.2 Project aim and objec5ves 

This research is part of the £7M Smart Efficiency Energy Centre (SEEC) project, funded 

by the European Regional Development Fund through the Welsh Government. While 

the SEEC project aims to develop advanced sensors and networks for valida6on and 

verifica6on in safety-cri6cal environments, par6cularly focusing on ocean renewable 

energy, nuclear energy, and efficient energy u6liza6on, this study homes in on specific 

aspects of laser manufacturing and its applica6ons in micro and nano device 

fabrica6on. 
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Aim:  

The primary aim of this research is to explore and develop innova6ve laser 

manufacturing techniques, par6cularly superlens-assisted methods, for the 

fabrica6on and enhancement of advanced micro and nano devices. 

Objec'ves: 

1. Develop and Op'mize Laser Manufacturing Techniques: 

• Inves6gate and refine conven6onal-lens-based laser manufacturing 

methods for crea6ng graphene pa?erns on polybenzimidazole (PBI) 

thin films and glass substrates. 

• Fabricate high-precision thin-film micro-FZP lenses using laser 

marking systems. 

2. Innovate Superlens-Assisted Laser Manufacturing: 

• Demonstrate superlens-assisted laser pa?erning techniques for fiber-

based op6cal devices, including FBG and LPG. 

• Enhance the refrac6ve index sensi6vity of LPG sensors through direct 

laser nanostructuring facilitated by microsphere superlenses. 

3. Develop Advanced Nanofabrica'on and Nanoimaging Systems: 

• Design and construct the SuperNANO system, capable of label-free 

nanopa?erning and nanofabrica6on while performing simultaneous 

nanoimaging. 

• U6lize the SuperNANO system for crea6ng an6-counterfei6ng 

security markings and precise nanowire cubng. 

4. Enhance An'-Counterfei'ng Measures: 
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• Develop a simplified an6-counterfei6ng laser marking system using 

superlens-assisted nanoscale marking of 2D DotCode, providing a 

secure alterna6ve to tradi6onal methods. 

5. Contribute to Theore'cal Understanding: 

• Study the fundamental theories and principles related to superlens 

focusing and its applica6ons in laser manufacturing. 

 

1.3 Thesis outline 

Chapter 1 introduces laser manufacturing techniques u6lizing microsphere superlens 
technology, focusing on safety enhancement and op6cal fiber gra6ng integra6on. It 
also describes the project's aims and objec6ves. 

Chapter 2 reviews exis6ng laser techniques, microsphere superlens techniques, and 
op6cal fiber gra6ng sensing techniques, along with principles of super-resolu6on and 
op6cal fiber waveguides. 

Chapter 3 explores theore6cal simula6on methods for analyzing the op6cal 
performance of microspheres, Fresnel lenses, and fiber gra6ng sensors, covering 
experimental laser systems and surface characteriza6on techniques. 

Chapter 4 examines advanced direct laser manufacturing techniques using superlens-
enabled marking, including laser-induced graphene, 2D Fresnel lenses fabrica6on, and 
superlens-assisted DotCode marking. 

Chapter 5 focuses on enhancing the performance of op6cal fiber gra6ng sensors 
through superlens-based laser nanostructuring, detailing experiments and RI sensing 
enhancements. 

Chapter 6 introduces the SuperNANO system for integrated super-resolu6on 
nanofabrica6on and nanoimaging, detailing its applica6ons in security and precise 
nanowire cubng. 

Chapter 7 summarizes the thesis results, highligh6ng key conclusions and 
breakthroughs, and suggests future research direc6ons to advance the field.  
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Chapter 2. 

Literature Review 
 

2.1 Conven5onal-lens-based laser manufacturing 

 

2.1.1 Principle of laser opera1ng 

The first laser system was introduced by Theodore Maiman on May 16, 1960. This 

groundbreaking inven6on took place at Hughes Research Laboratories in Malibu, 

California. Maiman's laser relied on a synthe6c ruby crystal as its medium[27]. 

Lasers, based on the principle of "Light Amplifica6on by S6mulated Emission of 

Radia6on," operate through a finely tuned process. It emi?ed a pulse of deep red light 

at 694 nm, which was the result of the chromium atoms in the ruby being excited and 

then releasing a photon of light which is an effect known as s6mulated emission, a 

principle first proposed by Albert Einstein in 1917[28]. As shown in figure 2.1-1, 

ini6ally, an external energy source, ooen referred to as "pumping," excites the atoms 

within a chosen medium like gas, liquid, or solid. This energy causes the atoms’ 

electrons to ascend to higher energy states, establishing a condi6on known as 

popula6on inversion, where the number of electrons in excited states surpasses those 

in ground states. The next step is the s6mulated emission, in which an excited electron 

encounters a matching-energy photon and is induced to fall to a lower energy state, 

concurrently emibng a second photon that is coherent with the first in phase, 

frequency, polariza6on, and direc6on. The op6cal cavity which consists of two mirrors, 

including a par6ally reflec6ve one allows light to bounce back and forth, amplifying 

the coherent light with each pass. Eventually, some of this light escapes through the 

par6ally reflec6ve mirror as a highly focused, monochroma6c beam of light, retaining 

the unique proper6es of coherence and direc6onality that make lasers incredibly 
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versa6le and effec6ve for diverse applica6ons, from cubng-edge surgical procedures 

to communica6on technology[29–31]. 

 

 

Figure 2.1-1 The schema6c setup for genera6ng a laser beam includes: (a) Machine 

components, showing the energy source, laser medium, and op6cal cavity with mirrors. 

(b) Atomic excita6on, depic6ng the process where electrons in the medium are excited 

to higher energy states and then return to lower states. (c) Beam forma6on, illustra6ng 

s6mulated emission as excited electrons emit coherent photons, leading to the 

amplifica6on of a focused, monochroma6c laser beam within the op6cal cavity and its 

par6al escape through a reflec6ve mirror[30]. 

The laser fluence	 𝐹  is the energy per unit area delivered by a laser pulse and is 

calculated as[32]: 

 

𝐹 =
𝐸
𝐴 

     (2.1-1) 
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where A is the beam area and 𝐸 is the laser pulse energy defined by: 

 

𝐸 =
𝑃
𝑓 

     (2.1-2) 

where 𝑃 gives the average laser power and 𝑓 is the pulse repe66on rate. 

 

2.1.2 Microscopic applica1ons 

Laser manufacturing and material processing in microscopic applica6ons represent 

cubng-edge technologies that leverage laser beams for precise fabrica6on and 

manipula6on at extremely small scales. This field integrates advanced laser systems 

with high-resolu6on imaging and control mechanisms to create intricate structures 

and modify materials with accuracy and efficiency. By harnessing the ability to focus 

intensely on 6ny areas and deliver energy in controlled pulses, these technologies can 

achieve intricate pa?erning, surface modifica6on, and even selec6ve material 

removal, making laser processing a key technology in modern microscopic 

manufacturing environments[33]. With the capability to concentrate their beams 

down to frac6ons of a millimeter, lasers facilitate opera6ons requiring high accuracy 

on an array of materials such as metals, fabrics, and composites[34]. The typical laser 

applica6ons are shown in figure 2.1.2. While conven6onal-lens-based techniques are 

effec6ve for macroscopic and microscopic applica6ons like welding and cubng, they 

struggle with resolu6on limita6ons below the micrometer scale. 
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Figure 2.1-2 Typical microscopic applica6ons of excimer lasers[35]. 

 

The most classic method is to control the laser beam through galvo to achieve 

microscopic processing. Hubea6r offers a comprehensive analysis of laser engraving 

and marking techniques with schema6c of a galvo scanner shown in figure 2.1-3, 

focusing on the applica6ons and op6miza6ons of various laser types—CO2, Nd: YAG, 

and fiber lasers—across different materials[36]. The review paper emphasizes the 

cri6cal importance of op6mizing laser parameters such as power, speed, and 

frequency to achieve high-quality engravings with minimal defects. It covers a range 

of applica6ons, from industrial iden6fica6on to aesthe6c designs for consumer 

products. 
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Figure 2.1-3 Schema6c of a galvo scanner, showcasing a laser beam directed through 

turning mirror, focused by a lens onto a material for precise marking[36]. 

 

 

Figure 2.1-4 Examples of laser-marked pa?erns observed under SEM[37]. 

 

Addi6onally, a paper explores advancements in laser direct wri6ng (LDW) technology, 

focusing on the contribu6ons of new genera6on LDW systems. These innova6ons 

have significantly enhanced the precision of laser direct marking, allowing for the 
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crea6on of detailed micro- and nano-scale features, as depicted in figures 2.1-4. This 

progress facilitates more intricate and exact pa?erning capabili6es, essen6al for 

modern applica6ons in microfabrica6on and nanotechnology. 

The review on laser surface treatment techniques detailed in the paper by 

Montealegre et al. offers a comprehensive overview of laser technologies used for 

hardening, mel6ng, and cladding of various materials, demonstrated how these laser 

processes enhance the wear resistance and mechanical proper6es of treated 

surfaces[38]. It covers both thermal and thermo-chemical processes, emphasizing the 

flexibility and precision of laser treatment in targe6ng specific surface areas without 

affec6ng the whole component. Key findings include the improvement of surface 

hardness, microstructural refinements through controlled laser parameters, and the 

advantages of using high-power lasers for efficient surface modifica6on. Laser surface 

treatment is a crucial technology for improving the performance and durability of 

materials in demanding industrial applica6ons. A schema6c of laser surface treatment 

is shown in figure 2.1-5. 

 

 

Figure 2.1-5 Schema6c of laser surface treatment[39]. 
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Another review paper on laser micromachining underscores the cri6cal role this 

technology plays in the miniaturiza6on of engineering materials. The paper explores 

the benefits and diverse applica6ons of various laser types, including excimer, 

femtosecond, and nanosecond lasers, each selected for their unique microfabrica6on 

capabili6es[40]. It highlights the precision and minimal thermal impact provided by 

ultrashort pulse lasers, essen6al for preserving the integrity of sensi6ve materials and 

components. The widespread applica6ons of laser micromachining in producing 

intricate, high-precision components for industries such as biomedical devices, 

electronics, and aerospace were discussed. Laser micromachining emerges as a 

transforma6ve technology that markedly improves manufacturing processes, 

facilita6ng the produc6on of complex microscale features with high efficiency and 

accuracy. Examples of SEM micrographs that depict the fabrica6on of microstructures 

on metals using femtosecond laser micromachining are shown in figure 2.1-6. 

 

 

Figure 2.1-6 SEM of microstructures on metals by femtosecond laser 

micromachining[41]. 
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Beyond the general laser manufacturing and material processing microscopic 

applica6ons, laser technology significantly impacts manufacturing and material 

processing through advancements in laser-induced graphene and FZP. 

 

2.1.2.1 Laser-induced graphene 

Laser-induced graphene (LIG) represents a transforma6ve approach in the field of 

material science, allowing for the direct conversion of certain carbon-based 

precursors into graphene through laser irradia6on. This method, notable for its cost-

effec6veness, speed, and environmental sustainability, has broadened the scope of 

graphene applica6ons into areas like sensing, energy storage, and flexible 

electronics[42]. 

Graphene, which consists of a single layer of carbon atoms in a hexagonal structure, 

has garnered significant a?en6on for its remarkable electrical, mechanical, and 

thermal characteris6cs. In 2014, researchers from Rice University pioneered the 

development of laser-induced graphene (LIG)[43]. They outlines the pioneering 

technique of producing laser-induced porous graphene films from commercial 

polymers through the applica6on of CO2 laser irradia6on as shown in figure 2.1-7. 

Presented electrochemical analyses reveal that these graphene constructs 

demonstrate remarkable capacitance and power densi6es. This performance is 

a?ributed to their dis6nc6ve porous and polycrystalline characteris6cs. 

LIG is typically produced by direc6ng a CO2 infrared laser onto a polyimide film, 

decomposing it into a porous graphene structure. This method allows for precise 

control by adjus6ng laser parameters like power, speed, number of passes, and the 

surrounding environment, impac6ng the quality and characteris6cs of the resultant 

graphene[44–46]. Recent research has inves6gated using alterna6ve precursors and 

dopants to refine LIG’s proper6es for specific uses[47]. Addi6onally, a novel UV laser 

direct wri6ng method has been introduced for crea6ng S- and N-doped graphene on 

substrates such as polyethylene terephthalate (PET) and glass, which avoids thermal 
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damage and eliminates the need for metallic precursors[6]. 

 

Figure 2.1-7 LIG created from commercial PI films using CO2 laser pa?erning. (a) 

Diagram illustra6ng the LIG produc6on method from PI. (b) SEM imagery showcasing 

LIG etched into an owl design, with a scale bar of 1 mm. (c) SEM image of a specific 

area of the LIG film highlighted in (b) Scale bar of 10 mm. An inset displays a zoomed-

in SEM image, with a scale bar of 1 mm. (d) Cross-sec6onal SEM image of the LIG layer 

on the PI base, with a scale bar of 20 mm. An inset shows the porous structure of LIG 

with a scale bar of 1 mm. (e) Compara6ve Raman spectroscopy results of a LIG film 

versus the ini6al PI film. (f) XRD analysis of LIG powder removed from the PI film[43]. 
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2.1.2.2 Fresnel Zone Plates 

A key concept for understanding Fresnel lens diffrac6on is the FZP, which divides the 

wavefront into a series of concentric rings (zones). Each zone contributes either 

construc6vely or destruc6vely to the intensity at a specific observa6on point, aiding 

in understanding how the amplitude and phase of light vary across the diffrac6on 

pa?ern[48]. FZP are diffrac6ve op6cal elements that func6on similarly to lenses but 

use rings (zones) to focus light, each zone having a different op6cal path length to a 

common focal point. FZP can focus light or other waves and are used in various 

applica6ons, including microscopy, imaging, and spectroscopy[49–51]. 

 

 

Figure 2.1-8 (a) Schema6c of laser-induced solid abla6on experiment set-up. The 

image of FZP: (b) Indium-coated 7 dark zones, (c) Indium-coated 16 dark zones, (d) 

Tungsten-coated 7 dark zones, (e) Tungsten-coated 50 dark zones[8]. 
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Laser direct wri6ng is a non-contact, maskless microfabrica6on method that enables 

the direct crea6on of customized designs on various substrates. Specifically for FZP, 

laser direct wri6ng offers precise control over their geometrical dimensions and 

spa6al arrangements, which are crucial for op6mizing their op6cal func6onality[7,52]. 

A research inves6ga6on has effec6vely confirmed that laser-induced solid abla6on is 

a proficient, single-step approach for crea6ng FZP on metal-coated transparent 

substrates[8]. As shown in figure 2.1-8, this method allows for the produc6on of 

op6cal components without the necessity for masking or extensive post-processing, 

significantly simplifying the manufacturing process. This not only lowers costs but also 

makes the produc6on method more environmentally friendly. 

 

2.2 Fundamentals of op5cal super-resolu5on 

 

2.2.1 Op1cal diffrac1on 

Op6cal diffrac6on occurs when light waves meet an obstacle or pass through a slit of 

similar size to their wavelength. This causes the light to bend around the obstacle or 

spread aoer passing through the slit, crea6ng a pa?ern of alterna6ng dark and light 

bands, known as a diffrac6on pa?ern[53]. This pa?ern arises from the interference of 

light waves: in areas where the waves combine posi6vely, bright bands are seen, and 

in areas where they negate each other, dark bands emerge[54]. Understanding 

diffrac6on is crucial for explaining various op6cal behaviours and underpins 

techniques in fields such as spectroscopy and microscopy, and the crea6on of op6cal 

instruments like diffrac6on gra6ngs that divide light into its spectral components. 

Moreover, diffrac6on sets a limit on the resolu6on of op6cal imaging systems, as 

explained by the Rayleigh criterion, which defines the smallest distance between two 

dis6nguishable points in an op6cal system[55]. 
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Figure 2.2-1 Diffrac6on with increasing axial distance z0[56]. 

 

In the region immediately beyond the aperture opening, b, the irradiance pa?ern 

mirrors the shape of the aperture (near-field) as long as the axial distance is smaller 

than 𝑏*/𝜆. When the axial distance z0 exceeds 𝑏*/𝜆, the far-field pa?ern becomes 

observable. 

Different diffrac6on pa?erns can be observed depending on the distance from the 

aperture, generally characterized as near-field diffrac6on (Fresnel diffrac6on) and far-

field diffrac6on[57]. Near-field diffrac6on, also known as Fresnel diffrac6on, occurs 

when the wavefront of light interacts with an obstacle or aperture at a distance not 

significantly greater than the light's wavelength. This type of diffrac6on is 

characterized by observing the diffrac6on pa?ern at rela6vely short distances from 

the diffrac6ng object, where the curvature of the wavefronts and the angular spread 

of the waves are significant. The diffrac6on pa?erns in the Fresnel region can be 
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complex and highly dependent on the precise distance between the object and the 

observa6on screen[58,59]. Far-field diffrac6on, also known as Fraunhofer diffrac6on, 

involves the diffrac6on of waves, par6cularly light, under condi6ons where the 

wavefronts are far enough from the diffrac6ng object or aperture that they appear 

essen6ally parallel. This typically occurs when the distance from the aperture to the 

observa6on point is much greater than both the aperture size and the wavelength of 

the light[60]. Far-field diffrac6on pa?erns are more predictable and exhibit less 

variability with changes in distance than those seen in near-field diffrac6on. The 

pa?erns themselves are primarily influenced by the aperture's shape and size. For 

example, a single slit produces a pa?ern of alterna6ng bright and dark bands, while a 

circular aperture results in a central bright spot surrounded by concentric rings[61]. 

 

2.2.2 Resolu1on limit 

The resolu6on limit refers to the smallest dis6nguishable distance between two points 

in a microscope image, fundamentally governed by the proper6es of light and the 

op6cal system of the microscope. This limit is determined by the wavelength of light 

and the numerical aperture of the microscope system. In 1873, the resolu6on limit of 

the microscope was first proposed by Ernst Abbe[62]. He defined that the formula to 

calculate the resolu6on limit of a microscope, as described in the paper, is derived 

from the wave nature of light and the geometry of the microscope op6cs. The 

resolu6on limit can be calculated using the formula: 

 

𝑑 =
𝜆

2𝑁. 𝐴. 

     (2.2-1) 

where 𝑑  is the smallest resolvable feature size (the resolu6on limit), 𝜆  is the 

wavelength of the light used, 𝑁. 𝐴. is the numerical aperture of the objec6ve lens, 

which depends on the refrac6ve index of the medium between the sample and the 
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lens and the sine of the half-angle (𝛼) of the maximum cone of light that can enter the 

lens. The numerical aperture (𝑁. 𝐴.) is given by: 

 

𝑁. 𝐴.= 𝑛𝑠𝑖𝑛(𝛼) 

(2.2-2) 

Here, 𝑛 is the refrac6ve index of the medium (air, water, oil, etc.) through which the 

light travels before entering the lens. This fundamental limit determines the resolu6on 

of images produced by op6cal systems and can be viewed as a specific applica6on of 

Heisenberg's uncertainty principle, which relates the posi6on (𝛥𝑥) and momentum 

(𝛥𝑝!) of a photon. Thus, the op6cal diffrac6on limit represents a dis6nc6ve instance 

of quantum mechanical phenomena, employing Heisenberg’s uncertainty principle 

concerning the posi6on and momentum of a photon[63]. 

 

𝛥𝑝!𝛥𝑥	 ≥ 	ℎ 

(2.2-3) 

Here, Δ𝑝𝑥 and Δ𝑥 pertain to any of the three components of the momentum and 

posi6on vectors, respec6vely, signifying the uncertain6es linked to these specific 

components of the posi6on and momentum vectors. In medium 𝑖 , the three 

components of the wavevector 𝑘"  must meet certain condi6ons: 

 

𝑘"* = 𝑘!* + 𝑘%* + 𝑘5* 

(2.2-4) 

Here, the magnitude of the wavevector |𝑘"| is defined as 2𝜋/𝜆" = 𝑛"|𝑘0|, where 𝜆"  

is the wavelength within medium 𝑖 , and 𝑛"  is its refrac6ve index, with 𝑘0 

represen6ng the wavevector in free space. In classical photonics, focusing effects are 
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primarily concerned with freely propaga6ng photons. These photons exhibit 

wavevectors with three real-valued components 𝑘! , 𝑘%  and 𝑘5  which, according 

to the rela6onship, must each be smaller than 𝑘" . This condi6on is crucial as it 

pertains to the diffrac6on limit in the far-field region in classical op6cs, where the 

nature of free propaga6on is determined by these components. Thus, |𝑘"| invariably 

exceeds each of the wavevector's individual components, reflec6ng its role in 

governing the characteris6cs of light's propaga6on. The spa6al resolu6on of a freely 

propaga6ng light beam is characterized by 𝛥𝑥, which denotes the minimum cross-

sec6on of the beam. Consequently, the minimum cross-sec6on of a freely propaga6ng 

beam is defined as: 

 

𝛥𝑥 >
1
𝑘!
=
𝜆"
2𝜋 

(2.2-5) 

This closely resembles the renowned Rayleigh criterion formula, which defines the 

smallest resolvable distance for a focusing objec6ve as: 

 

𝐷#$%&'"() = 0.61
𝜆

𝑁. 𝐴. 

    (2.2-6) 

where 𝜆  represents the wavelength and 𝑁. 𝐴. denotes the numerical aperture. 

This fundamental boundary constrains the resolu6on capabili6es of op6cal systems 

like microscopes[64]. Thus, to a?ain resolu6ons beyond the diffrac6on limit (super-

resolu6on), it is necessary to u6lize evanescent waves in the near-field[65]. 

 

2.2.3 Near-field scanning op1cal microscope 

Synge’s ini6al proposal in 1928 described a technique for overcoming the diffrac6on 
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limit, involving a potent light source placed behind a thin metal film with a small 

aperture, with the sample posi6oned 100nm away from the light source, and scanned 

point-by-point[66]. This innova6ve concept was later actualized with the introduc6on 

of the Super-resolu6on Aperture Scanning Microscope, which was demonstrated by 

Ash and Nicholls[67]. 

 

 

Figure 2.2-2 Schema6c of the experimental setup for a scanning tunneling microscope 

6p with laser light[68]. 

 

A Scanning Tunneling Microscope (STM) is primarily employed for visualizing and 

altering conduc6ve surfaces down to atomic and nanometer precision, as illustrated 

in figures 2.2-2. This instrument manipulates and modifies surfaces through various 

interac6ons including contact forces, electrical fields, and electron beam-induced 

effects[68]. Progress in nano-fabrica6on technology facilitated the produc6on of sub-

wavelength sized probe 6ps, and advances in computer image processing from 

technologies like STM and Atomic Force Microscopy (AFM) led to the unveiling of the 

first modern Near-field Scanning Op6cal Microscope (NSOM) in 1991 by Betzig et al. 

The development of NSOM represented a crucial breakthrough in super-resolu6on 

research, using a diminu6ve 6p placed close to an object's surface to gather 



 22 

evanescent waves from the near field. Scanning the sample produces a super-

resolu6on image whose resolu6on is defined by the diameter of the 6p’s aperture 

rather than the incident light's wavelength. Although early efforts were constrained 

by the challenges of precise scanning within a wavelength’s distance, advancements 

in nano-fabrica6on, control over probe 6ps, and image processing rejuvenated this 

imaging approach in the 1980s, culmina6ng in Betzig’s group demonstra6ng a 

sophis6cated NSOM system capable of detec6ng single molecules[69]. 

 

 

Figure 2.2-3 Modes of NSOM. (a-c) Illumina6on mode, including transmission 

illumina6on, sca?ering illumina6on and reflec6on illumina6on. (c-d) Collec6on mode, 

including reflected collec6on and transmi?ed collec6on. (e) Aperture-less mode[70]. 

 

The opera6on of an NSOM is segmented into three principal modes as illustrated in 

figure 2.2-3. Illumina6on mode uses the NSOM 6p as a sub-wavelength point source 

to illuminate the sample. This mode has three varia6ons: Transmission illumina6on 

(Fig. 2.2-3a), where light passing through the sample is captured by an external 

detector, sca?ering illumina6on (Fig. 2.2-3b), where light sca?ered from the sample's 

surface is collected by an external detector such as a microscope objec6ve and 

reflec6on illumina6on (Fig. 2.2-3c), where reflected light is directly gathered by the 

NSOM 6p itself. The second mode, known as collec6on mode, involves the NSOM 6p 

collec6ng signals instead of emibng them. This includes reflected collec6on (Fig. 2.2-
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3c), where the 6p gathers reflected light, and transmi?ed collec6on (Fig. 2.2-3d), 

where it collects light transmi?ed through the sample. Lastly, the aperture-less mode 

(Fig. 2.2-3e) employs a sharp, metal 6p without an aperture as a minor sca?erer for 

light transmi?ed or reflected from the sample, with the sca?ered signal subsequently 

collected by a large external detector. Each mode operates with a sub-wavelength 

aperture, typically between 20 nm to 100 nm, posi6oned at the 6p of a metal-coated 

tapered op6cal fiber. These diverse opera6onal modes allow for detailed surface 

analysis at resolu6ons surpassing the tradi6onal diffrac6on limit of light. 

 

 

Figure 2.2-4 A op6cal phase image and line scan data belonging to the marked 

posi6ons on the image[71]. 

 

Pohl's study marks a significant advancement in op6cal microscopy by achieving sub-

wavelength resolu6on imaging. U6lizing a novel method akin to a medical stethoscope, 

this research bypasses the tradi6onal diffrac6on limit, enabling the iden6fica6on of 

features as 6ny as 25 nm through a finely engineered aperture[72]. On the other hand, 

Bek's work centres on developing and deploying an aperture-less NSOM, which a?ains 

resolu6ons below 10 nm as shown in figure 2.2-4. This instrument is instrumental for 

detailed examina6ons of op6cal proper6es at surfaces and interfaces, effec6vely 

imaging both opaque and transparent substrates[71]. 
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2.2.4 Photonic Nanojet 

The concept of "photonic nanojet" (PNJ) refers to a dis6nct op6cal phenomenon 

where super-resolu6on focusing is achieved through the sca?ering of light by 

microscale dielectric spheres. This effect was first observed by Lu and Luk'yanchuk et 

al. in 2000, marking a significant breakthrough in op6cal science[14]. By 2004, Chen et 

al. formally introduced the term "photonic nanojet" into the op6cs community, 

highligh6ng its ability to produce highly concentrated, subwavelength beams of light 

at the shadow side of a dielectric par6cle[15]. 

PNJs result from the complex interplay of light interac6ons, including reflec6on, 

refrac6on, and interference, occurring at the surface of micro or nanoscale dielectric 

structures. These interac6ons lead to the forma6on of a sharply focused light beam 

that extends beyond the physical dimension of the par6cle, thus enabling imaging 

capabili6es that surpass the conven6onal diffrac6on limit[73]. The remarkable 

proper6es of PNJs, par6cularly their intense light concentra6on and the ability to 

focus light to subwavelength scales make them extremely valuable in a variety of 

advanced op6cal applica6ons. They are u6lized in super-resolu6on imaging, which 

allows scien6sts to view details at the nanoscale that were previously obscured by the 

diffrac6on limit of light. Addi6onally, PNJs enhance Raman sca?ering, increasing the 

detec6on capabili6es of molecular vibra6ons by concentra6ng light into a small 

volume. Moreover, the ability of PNJs to manipulate nanopar6cles makes them useful 

in fields such as nanotechnology and materials science, where precise control over 

par6cle posi6oning and assembly is required[18]. 

Heifetz highlights these PNJs are characterized by several dis6nc6ve proper6es: their 

beamwidth can be subwavelength, reaching down to about λ/3 for microspheres, and 

they are a non-resonant phenomenon, appearing across a broad range of diameters 

as long as the refrac6ve index contrast rela6ve to the background medium is less than 

about 2:1. Addi6onally, PNJs can exhibit intensi6es that far exceed the illumina6ng 

wave. Importantly, the introduc6on of a nanopar6cle within a PNJ can dras6cally 
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perturb the far-field backsca?ered power from the microstructure. This perturba6on 

is significantly greater than what would be expected from Rayleigh sca?ering, 

enhancing sensi6vity to nanoscale objects. These proper6es equip PNJs for advanced 

applica6ons in nanopa?erning, nanolithography, and enhanced microscopy, 

poten6ally transforming nano-photonics and op6cal data storage fields[17]. 

 

 

Figure 2.2-5 PNJ generated by 1μm polystyrene (n=1.6) microsphere illuminated by a 

laser at λ=248nm. Electric field intensity distribu6on, |𝐸|*, at (a) XZ-plane (parallel to 

polariza6on) and (b) YZ-plane (perpendicular to polariza6on). (c) Intensity along Z-axis 

(propaga6on direc6on). (c) Lateral field distribu6on (XY-plane) of focal spot under the 

microsphere (z=a)[74]. 

 

In the given example depicted in figure 2.2-5, a PNJ is formed by a polystyrene 
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microsphere, 1.0 μm in diameter, with a refrac6ve index of 1.6, when it is illuminated 

by a laser beam with a wavelength of 248 nm. The electric field intensity significantly 

increases beneath the microsphere, amplifying by 59.6 6mes at the microsphere's 

radius (z=a), and subsequently decreases to 1.57 6mes at z=2a. The PNJ manifests an 

ellip6cal profile in the lateral (XY-plane) dimension with a waist of only 0.39λ in the 

direc6on perpendicular to the incident polariza6on. This waist is substan6ally 

narrower than the tradi6onal diffrac6on limits of 0.61λ (Rayleigh criterion) and 0.5λ 

(Sparrow criterion). This reduc6on in waist size illustrates the PNJ's capability to 

considerably diminish the full width at half maximum (FWHM), highligh6ng its u6lity 

in enhancing op6cal resolu6on in various applica6ons. 

 

2.3 Superlens-assisted laser manufacturing 

 

2.3.1 Microsphere metamaterial superlens 

Microsphere metamaterial superlens is an innova6ve type of lens that leverages the 

unique proper6es of microspheres, typically made of dielectric materials, to overcome 

the diffrac6on limit of conven6onal op6cs[23,75]. Microsphere superlenses can focus 

light to a spot size smaller than the wavelength of light, a capability that conven6onal 

lenses cannot achieve due to the diffrac6on limit. This feature is crucial for 

applica6ons requiring high-resolu6on imaging and precise manipula6on of light at the 

nanoscale[76]. These lenses u6lize the near-field op6cal phenomena that occur when 

light interacts with microspheres at distances smaller than the wavelength of the light. 

The microspheres enhance the evanescent waves and convert them into propaga6ng 

waves that can be focused[77]. The microspheres are ooen made from transparent 

dielectric materials such as silica[78], polystyrene[79] TiO2 and BaTiO3[80]. Their high 

refrac6ve index and spherical symmetry enable unique op6cal behaviours, including 

the aforemen6oned focusing and near-field enhancement. 
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There are two main applica6ons for microsphere superlenses: super-resolu6on 

imaging and micro/nano manufacturing[23]. By surpassing the diffrac6on limit, these 

superlenses are u6lized in microscopy to observe features at the nanometer scale, 

which were previously inaccessible with tradi6onal op6cal instruments[81]. 

Microsphere superlenses can focus laser beams to a spot size smaller than the 

wavelength of light, enabling the fabrica6on of features at scales much finer than 

those achievable with conven6onal photolithography. This capability to focus light 

beyond the diffrac6on limit is essen6al for the precise pa?erning of materials needed 

in advanced semiconductor manufacturing[16,82]. 

While offering unprecedented precision, the applica6ons of microsphere superlenses 

in photolithography and nanofabrica6on face challenges such as alignment accuracy, 

integra6on into exis6ng manufacturing processes, and scalability for industrial 

produc6on. Future research might focus on automa6ng the alignment of 

microspheres over large areas and improving the durability and repeatability of the 

lenses for commercial-scale applica6ons. 

 

2.3.2 Microsphere monolayer prepara1on 

In order to successfully implement microsphere array laser manufacturing in a large 

area on flat substrates like glass slides, a deep understanding of the specific 

techniques involved in fabrica6ng hexagonal close-packed microsphere monolayer 

arrays is essen6al. This requires exploring the precise deposi6on methods that ensure 

uniform microsphere alignment and adhesion on substrate surfaces, which are cri6cal 

for achieving accurate and efficient laser marking outcomes. Recent advancements 

have focused on enhancing the precision and scalability of monolayer forma6ons. Key 

methods such as Langmuir-Blodge? techniques and self-assembly deposi6on have 

been op6mized to improve monolayer uniformity and func6onal integra6on. 

In 1917, building on the founda6onal work of A. Pockels[83], I. Langmuir and K. 

Blodge? showcased that monolayers formed at a water-air interface could be 
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successfully transferred to solid substrates using a device now known as the Langmuir-

Blodge? trough, depicted in figure 2.3-1. The Langmuir-Blodge? method is a key 

technique for deposi6ng monolayer films onto various substrates, extensively used in 

crea6ng electronic components such as semiconductors[84], biosensors[85], and 

more recently, in the development of algal bio photovoltaic fuel cells[86]. This method 

involves dispensing a colloidal nanopar6cle solu6on onto a liquid surface in the trough. 

These nanopar6cles then spread out to form a self-assembled monolayer. A barrier 

subsequently moves in, compressing the monolayer at a rate dependent on the 

nanopar6cle proper6es, pressing it against a ver6cally posi6oned substrate. The 

substrate is then carefully raised, allowing the monolayer to adhere ver6cally, thus 

forming the desired coa6ng on the substrate surface. 

 

 

Figure 2.3-1 Illustra6on of the Langmuir-Blodge? method at air-water interface[87]. 

 

Lo6to introduced a method for deposi6ng microsphere monolayers on flat glass 

substrates using self-assembly[88]. Ini6ally, as illustrated in the figure 2.3-2, a colloidal 

suspension is applied to a parent substrate through techniques such as dip-coa6ng or 
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manual spreading. The par6cles are then transferred to an air/water interface by 

submerging the parent substrate, allowing them to self-assemble and float at the 

interface. The subsequent step involves horizontally aligning the floa6ng monolayer 

with a target substrate to facilitate the transfer of the assembled layer. As the water 

is released from the apparatus, the monolayer, formed at the water/air interface, is 

lowered onto the substrate beneath. This method employs a straighSorward setup, 

elimina6ng the need for complex equipment, effec6vely reducing nuclea6on centers, 

and decreasing polycrystallinity. The setup also promotes the forma6on of a 

monolayer at the three-phase contact line, leading to a more ordered assembly. 

 

 

Figure 2.3-2 (a-c) Illustra6on of the prepara6on process for microsphere monolayer 

deposi6on on a glass substrate. (d) SEM micrographs of monolayers of par6cles. Scale 

bars: 2 μm[88]. 

 

Future direc6ons in microsphere monolayer research are likely to concentrate on 

integra6ng these layers with other nanoscale materials and technologies to create 

more complex, mul6-func6onal structures. There is also an increasing push towards 
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environmentally friendly materials and processes, driven by sustainability goals. 

 

2.3.3 Nanohole array genera1on 

Research into the capabili6es of microsphere superlenses has evolved significantly 

since the early 2000s. The ini6al discovery that a microsphere could generate a sub-

wavelength focus opened new avenues for precision in nanoscale engineering[14]. 

The researchers u6lized spherical silica par6cles, each 0.5 µm in diameter, strategically 

placed on a silicon (100) substrate. These were then exposed to a 248-nm KrF excimer 

laser with a carefully controlled pulse fluence of 340 mJ/cm². This setup aimed to 

explore the microsphere's poten6al to enhance localized laser effects at a submicron 

scale. These tools provided detailed views of the substrate's surface where circular 

hillocks, about 100 nm in size, had formed at the exact loca6ons of the silica par6cles 

shown in figure 2.3-3. The presence of these hillocks served as a clear confirma6on of 

the microspheres' role in focusing the laser energy to a fine point, effec6vely 

interac6ng with the laser to manipulate the surface structure at a scale previously 

considered challenging to achieve. 

 

 

Figure 2.3-3 Observa6on of localized hillocks on a surface via op6cal microscope 

following par6cle-enhanced laser irradia6on: (a) pre-irradia6on and (b) post-

irradia6on views[14]. 
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Since its discovery in 2004, this phenomenon has been termed the 'photonic nanojet' 

(PNJ). This effect involves the concentra6on of light into a 6ny, high-intensity spot that 

can travel beyond the diffrac6on limit of light[15]. PNJ technology has been extensively 

applied in laser cleaning, where it enables the removal of minute par6cles from 

delicate surfaces without damage. In laser direct nano-wri6ng, PNJs are used to 

fabricate microscopic structures with high resolu6on, enhancing the development of 

electronic and photonic devices. Addi6onally, PNJs play a crucial role in signal 

enhancement, par6cularly in op6cal systems, by boos6ng the intensity and clarity of 

signals in sensors and communica6on devices. The versa6lity and efficiency of 

photonic nanojets have made them a cornerstone in the field of nano-op6cs, pushing 

the boundaries of what's possible with light manipula6on. 

 

 

Figure 2.3-4 SEM images of nanodent structures formed on GST film aoer one laser 

pulse irradia6on at increasing laser fluences. Scale bar is 1.0 μm[89]. 

 

A study u6lized a 100-nm-thick GST film on a 0.6-mm polycarbonate substrate, with 

monodisperse polystyrene par6cles of 1.0 µm diameter serving as a mask for laser 

irradia6on[89]. The paper contrasts these theore6cal calcula6ons, based on both Mie 

theory without a substrate and exact solu6ons with a substrate, showing enhanced 

and more focused op6cal near-field effects when the substrate is present. 

Experimentally, at lower fluences (up to 7.2 mJ/cm²), the resultant nanostructures 

were predominantly bowl-shaped with an average diameter increase linearly 

correla6ng with the fluence. However, beyond this fluence, the structure sizes 
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reached a satura6on point, shioing to sombrero-shaped and then to halo-shaped as 

the fluence increased further (Fig. 2.3-4). This transi6on is a?ributed to the material 

and temperature dynamics at the surface, where higher fluences induce complex 

convec6ve fluxes affec6ng the nanodent forma6ons. 

The development of microsphere monolayer deposi6on techniques, along with the 

enhancement of microsphere superlens array marking, is commi?ed to advancing 

high-precision micro/nano manufacturing technologies. In 2008, Wang discusses the 

innova6ve technique of laser micro/nano fabrica6on using a par6cle lens array (PLA) 

irradiated with a femtosecond laser for processing glass[90]. This method highlights 

the ability to fabricate high-precision, crack-free micro/nano-structures on or inside 

glass, efficiently crea6ng three-dimensional structures across mul6ple layers. It 

emphasizes the medium-tuned op6cal field enhancement around the PLA and notes 

significant differences in focusing proper6es between air and liquid media, with liquid 

extending the focal length and depth, which proves advantageous for crea6ng higher-

aspect-ra6o structures. 

In recent years, Romano has explored the genera6on of nanohole arrays via laser 

direct wri6ng by deposi6ng silica microspheres in a hexagonal close-packed 

monolayer on stainless steel plates using the Langmuir-Blodge? technique[91]. As 

shown in figure 2.3-5, a near-infrared ultrashort pulsed laser with circular polariza6on 

is steered across the substrate using a 3D scan lens. The interac6on of the laser with 

the microspheres u6lizes the photonic nanojet (PN) effect to focus the laser energy 

beyond the op6cal diffrac6on limit, allowing for the crea6on of subwavelength 

features such as nanoholes. Laser parameters such as energy, focal offset, and the 

number of pulses are carefully controlled to achieve the desired abla6on while 

maintaining the integrity of the microspheres and substrate. Post-processing involves 

cleaning the sample in an ultrasonic ethanol bath to remove any residual spheres and 

debris. This technique provides a precise, non-contact, maskless method for 

fabrica6ng detailed nano-features by harnessing the resolu6on-enhancing capabili6es 

of the photonic nanojet phenomenon. 
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Figure 2.3-5 (a) Experimental setup for direct laser abla6on-based nanopa?erning by 

irradia6ng 1µm-diameter microspheres with a femtosecond laser beam. (b-c) The 

schema6c steps of the nanohole genera6on process, where microspheres are par6ally 

removed from the abla6on area. (d-g) Array of nanoholes created by a single 

irradia6on[91]. 

 

Addi6onally, a paper presents a novel method for improving the fabrica6on of 

nanohole arrays on silicon substrates, crucial for enhancing the efficiency of thin-film 

silicon solar cells[92]. U6lizing a picosecond laser, assisted by polystyrene 

microspheres, the study highlights that applying a thin gold coa6ng significantly 

refines the morphology and boosts the abla6on rate of these nanoholes. This coa6ng 

minimizes the presence of spu?ered nanopar6cles and smooths the nanoholes' cross-

sec6onal profiles compared to those on uncoated substrates. It enhances the laser 

energy absorp6on, facilita6ng more efficient nanohole crea6on. As figure 2.3-7, the 

process achieves well-ordered arrays with larger, deeper nanoholes at laser fluences 

between 1.19 and 1.39 J/cm2, effec6vely op6mizing light absorp6on capabili6es for 

improved photovoltaic device performance. 
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Figure 2.3-6 Schema6c diagram of microsphere-assisted picosecond laser processing 

nanohole arrays on silicon substrate[92]. 

 

 

Figure 2.3-7 SEM images of nanohole arrays on a gold-coated silicon substrate using 

laser fluences of (a) 1.19 J/cm2 and (b) 1.39 J/cm2, respec6vely[92]. 

 

2.3.4 Single par1cle paDerning of complex paDerns 

Research conducted by McLeod introduces a groundbreaking technique in the realm 

of nanopa?erning, leveraging op6cally trapped microsphere superlens to achieve 

subwavelength direct-write capabili6es. This method transcends the limita6ons 

imposed by the diffrac6on threshold typical of conven6onal-lens-based laser wri6ng 
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systems, facilita6ng the crea6on of ultra-fine features significantly 6nier than the 

wavelength of the u6lized laser[90]. 

The core of the technique involves employing a Bessel beam to secure and manoeuvre 

microspheres in close proximity to a substrate surface. These microspheres func6on 

as miniature lenses that intensify and concentrate the laser energy onto precise 

loca6ons on the substrate, thus enabling material modifica6ons at scales notably 

smaller than the beam's original width. As illustrated in figure 2.3-8, the experiments 

successfully demonstrated the ability to generate features as diminu6ve as 100 nm 

using polystyrene spheres. This capability was tested on various substrates, including 

polyimide films and polycarbonate, showcasing the adaptability of the method. The 

study concludes by asser6ng that superlens-assisted laser manufacturing marks a 

major progression in nanofabrica6on technology. It offers a versa6le and scalable 

approach for craoing features at subwavelength scales, heralding a new era of 

possibili6es in nanoscale engineering. 

 

 

Figure 2.3-8 (a) A microsphere in white is op6cally trapped near the polyimide surface 

in orange in the trapping laser beam in purple. (b) Nanopa?erned of 5 mm wide shield 

on polyimide film . Main scale bar, 2 mm; Inset scale bar, 1 mm[90]. 

 

Another research reported by Shakhov explores advanced techniques in laser 
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manufacturing[93], par6cularly the nanostructuring of glass using femtosecond laser 

pulses and op6cally trapped microspheres, as shown in figure 2.3-9. The technique 

employs femtosecond laser pulses guided through op6cally trapped silica microsphere 

superlens, which concentrate the laser's energy onto the glass surface. This 

configura6on harnesses the near-field effects produced by the microspheres, enabling 

highly precise fabrica6on. The process successfully generates features smaller than 

100 nm in diameter, remarkably below the wavelength of the light used, illustra6ng 

the method's superior resolu6on capabili6es. 

 

 

Figure 2.3-9 (a) Schema6c of superlens-assisted nanostructuring: Amplified 

femtosecond pulses are directed through a silica microsphere superlens, focusing 

6ghtly in the near-field zone on the sample surface to facilitate laser manufacturing. 

(b) A two-dimensional image of the abbrevia6on "ICP" etched onto a borosilicate glass 

surface, where the average depth of the grooves is 20 nm. Scale bar, 500 nm[93]. 

 

2.3.5 Angular paDerning with 80 nm resolu1on 

Guo and colleagues introduce a pioneering approach in the field of nanofabrica6on, 

detailed in their publica6on on the near-field laser parallel nanofabrica6on of 

arbitrary-shaped pa?erns[22]. This innova6ve method leverages the near-field 

focusing capabili6es of a self-assembled par6cle array posi6oned on the substrate, 

which interacts dynamically with an angularly incident laser beam. The process not 
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only eliminates the need for tradi6onal projec6on masks but also achieves remarkably 

high resolu6on, with spot sizes as small as 80 nm. Addi6onally, this technique enables 

the simultaneous crea6on of over 6 million uniform nanopa?erns within a compact 

area of 5x5 mm², requiring only a few laser pulses to accomplish what would 

tradi6onally take much longer. 

 

 

Figure 2.3-10 Schema6c diagram of (a) The experimental setup for direct laser wri6ng 

of a nanoline array on a substrate surface. (b) SEM images of two hexagonal nanodent 

arrays created by a single KrF laser pulse at incident angles of 0° with a fluence of 6.5 

mJ/cm², and 30° with a fluence of 1.0 mJ/cm², respec6vely[22]. 

 

The core of this technology involves a KrF excimer laser with parameters: a wavelength 

of 248 nm, a pulse dura6on of 15 ns, and a repe66on rate of 1 Hz. These characteris6cs 

make the laser par6cularly suited for precise, controlled nanoscale fabrica6on. The 

SEM images (Fig. 2.3-10) show hexagonal nanodent arrays created using a single laser 

pulse at varying incident angles and fluences, 0° with 6.5 mJ/cm² and 30° with 1.0 

mJ/cm², demonstra6ng the technique's ability to control nanoscale features. Notably, 

the nanodents formed at 30° are significantly smaller, approximately 80 nm in 

diameter, compared to those at 0°, which are around 300 nm. This surpasses the 
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diffrac6on-limited resolu6on of 124 nm, a?ributed to the dominance of evanescent 

wave modes. By methodically scanning the laser beam across the substrate at various 

angles, the par6cle array acts as a series of microscopic lenses. These lenses focus and 

intensify the laser spots at the surface, enhancing the precision of the nanopa?erning 

process. This capability to direct and manipulate laser light with such accuracy opens 

up new possibili6es for designing and developing advanced nanoelectronic and 

nanophotonic devices, which require intricate pa?erns etched at the nanometer scale. 

 

 

Figure 2.3-11 SEM images show an ordered array of line structures fabricated using 

the angular scanning technique: (a) The average line length is 1400 nm, and the width 

is 360 nm. (b) The scanning path follows an angular trajectory, resul6ng in an array of 

c-shaped nanostructures[22]. 

 

2.3.6 Laser paDerning on curved surfaces by superlens arrays 

The technology of laser direct wri6ng using microsphere superlens arrays for 

genera6ng nanoholes on flat substrates has been well-established[27,97,98]. 

However, it is a challenge to extend this technique to curved surfaces. A paper 

introduces a novel technique for near-field op6cal micro/nanopa?erning on curved 

surfaces using transported micro-par6cle lens arrays (PLA)[94]. The method involves 
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crea6ng a hexagonal closed-packed monolayer of SiO2 microspheres on a flat glass 

surface, which is then transferred to a curved substrate for pa?erning. This approach 

u6lizes a 532 nm wavelength Nd laser and achieves pa?erning through near-field 

enhancement around the par6cles. 

 

 

Figure 2.3-12 Process of transferring par6cles includes the following steps: (a) A 

monolayer of par6cles is created on a glass surface. (b) An adhesive ribbon is 

posi6oned over the monolayer and pressed down to adhere. (c) The ribbon, now 

bearing the monolayer, is peeled away from the glass surface. (d) The ribbon is then 

carefully wrapped around the 6tanium tube[94]. 

 

The process of transferring a par6cle monolayer onto a curved surface as detailed in 

the paper involves an innova6ve use of a flexible, op6cally transparent adhesive 

ribbon. As shown in figure 2.3-12, ini6ally, a monolayer of silica spheres is formed 

through self-assembly on a flat, clean, hydrophilic glass slide. This assembly process 

u6lizes a diluted solu6on of silica par6cles, which, as it dries, forms a hexagonal close-

packed array due to capillary forces. Once the monolayer is formed, the next step 

involves the transfer of this array to a 6tanium tube curved surface. To achieve this 

transfer, the adhesive ribbon, chosen for its flexibility and transparency to the specific 

laser wavelength used (532 nm), is carefully applied onto the glass slide bearing the 
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par6cle monolayer. By gently pressing and subsequently peeling off the ribbon, the 

par6cles adhere to the ribbon due to a thin layer of polyolefin resin ac6ng as an 

adhesive. This monolayer-coated ribbon is then accurately wrapped around the 

cylindrical surface of the 6tanium tube. This method ensures that the par6cle 

monolayer is effec6vely transferred onto the curved surface, ready for the subsequent 

laser pa?erning step. 

 

 

Figure 2.3-13 (a) Diagram of the scanned area on the curved tube surface. (b) Debris 

observed on the Ti surface at a laser fluence of 0.45 J/cm². (c-d) SEM images of 

pa?erns created on the Ti surface at 0.379 J/cm². The inset displays the pa?ern formed 

at a fluence of 0.223 J/cm²[22]. 

 

The laser was directed through the ribbon to the surface of the Ti tube. Given the 

curvature and material proper6es of the tube, adjustments were made to the laser's 

incident angle and fluence to op6mize pa?erning. The tube was rotated to expose 
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different areas to the laser, ensuring even pa?erning across its surface. The technique 

facilitated the pa?erning of a large area with good quality. It was observed that 

reducing the laser fluence below 0.379 J/cm² prevented damage to the ribbon while 

s6ll achieving sufficient intensity enhancement by the par6cles to effec6vely texture 

the surface, as shown in figure 2.3-13. The finest features produced had diameters of 

around 437 nm, achieved at a laser fluence of 0.223 J/cm², demonstra6ng the 

method's capability to generate sub-micrometer scale features with high precision. 

Based on the technology of superlens-assisted laser pa?erning on curved surfaces, 

this thesis successfully makes significant improvements in the applica6on of 

superlens-assisted laser manufacturing technology by adap6ng the method to work 

on the cylindrical surfaces of func6onal devices such as op6cal fibers. This work opens 

up new possibili6es for enhancing fiber op6cs technology, poten6ally improving light 

manipula6on and transmission characteris6cs through precision nanoscale 

modifica6ons. 

 

2.3.7 Microsphere monolayer deposi1on techniques on op1cal fiber 

Numerous studies have described the technique for deposi6ng microsphere 

monolayers on the surface of op6cal fibers. Korposh reports a method of microsphere 

coa6ng on op6cal fibers that involves a detailed layer-by-layer deposi6on process 

using poly(allylamine hydrochloride) (PAH) or poly(diallyl dimethylammonium 

chloride) (PDDA) and silica nanopar6cles (SiO2 NPs). Ini6ally, as shown in figure 2.3-14, 

the op6cal fiber, equipped with a LPG, is secured in a holder and rinsed in deionized 

water. It is then immersed in a 1 wt% ethanolic potassium hydroxide (KOH) solu6on 

for 20 minutes to nega6vely charge the fiber's surface. Subsequently, the fiber is 

alternately dipped into solu6ons of posi6vely charged PAH and nega6vely charged 

SiO2 nanopar6cles for 20 minutes each, forming a mesoporous mul6layer film. Aoer 

each deposi6on step, the fiber is rinsed with dis6lled water and dried using nitrogen 

gas[95]. 
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Figure 2.3-14 Schema6c illustra6on of the alterna6ng deposi6on of SiO2 microspheres 

and PAH on the LPG[95]. 

 

 

Figure 2.3-15 Schema6c illustra6on of the electrosta6c self-assembly deposi6on 

process and the deposi6on cell containing a fixed LPG[96]. 

 

In another described method illustrated in the figure 2.3-15, the op6cal fiber's surface 

is treated to terminate with OH groups, and then subjected to a similar layer-by-layer 

deposi6on process. This process is repeated un6l the desired thickness is achieved. 

The fiber is then immersed in a solu6on containing a func6onal compound (such as 

TSPP or PAA) for two hours to infuse the compound into the porous coa6ng. The fiber 

is subsequently rinsed and dried, preparing it for sensor opera6on, which relies on 
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electrosta6c interac6ons within the coated layer to detect environmental changes, 

such as the presence of ammonia in water[96]. These coa6ng processes enhance the 

op6cal fiber's sensi6vity to changes in the refrac6ve index of surrounding media, 

making it highly effec6ve for sensing applica6ons. The controlled thickness and 

refrac6ve index of the deposited film allow for high sensi6vity and rapid response, 

which are crucial for accurate real-6me measurements in various environments. 

 

2.3.8 Mie theory 

In geometric op6cs, light is treated as a collec6on of rays that travel in straight lines. 

According to Snell's law, light bends when it passes through different media and 

reflects at interfaces[97]. For this project, Mie theory which was proposed by Gustav 

Mie in 1908 serves as the simula6on theore6cal method to enhance the 

understanding of how incident light interacts within a microsphere lens[98]. 

Mie theory is a powerful mathema6cal framework used to describe the sca?ering of 

electromagne6c waves by par6cles. It is par6cularly useful for simula6ng the 

interac6on of light with par6cles that are about the same size as the wavelength of 

the light, which includes many situa6ons in op6cal engineering. In the context of 

par6cle lens simula6on, Mie theory helps predict how light waves will be sca?ered or 

absorbed by par6cles such as aerosols, droplets, or other spherical bodies. The theory 

provides a way to calculate the sca?ering, absorp6on, and ex6nc6on cross sec6ons of 

the par6cles based on their size, composi6on, and the wavelength of the light. 

Essen6al aspects of Mie theory in par6cle lens simula6on include the size parameter, 

which is the ra6o of a par6cle's circumference to the wavelength of light and greatly 

influences the sca?ering pa?ern. The refrac6ve index also plays a pivotal role, as it 

dictates how light is absorbed and refracted by the par6cle[99,100]. 

When light interacts with a small par6cle, it triggers oscilla6ons in the electrical 

charges of the electrons and protons through the op6cal electric field. Consequently, 

part of the incident light is absorbed, and the remainder is sca?ered. Both the electric 
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and magne6c fields, whether inside or outside the sphere, adhere to the vector 

Helmholtz equa6on[98]: 

 

𝛻*𝐸	 +	𝑘*𝐸	 = 	0 

(2.3-1) 

𝛻*𝐻	 +	𝑘*𝐻	 = 	0	

(2.3-2) 

where 𝛻 is the Laplacian and 𝑘 = 6
/ √𝜀 is the wave vector. 

For non-magne6c par6cles, four primary input parameters are considered: the 

incident light wavelength (𝜆), the refrac6ve index of the medium (𝑛2), the par6cle 

radius (𝑎), and the par6cle refrac6ve index (𝑛7). These parameters can be simplified 

to two independent size parameters, designated as (𝑞7, 𝑞2), defined as follows[74]: 

 

𝑞+ =
2𝜋𝛼
𝜆  

(2.3-3) 

 

𝑞7 = 𝑞+𝑛7 =
2𝜋𝛼𝑛7
𝜆  

𝑞2 = 𝑞+𝑛2 =
2𝜋𝛼𝑛2
𝜆  

(2.3-4) 

where 𝑞+ is the fundamental size parameter. 

The incident plane wave is expressed as a combina6on of spherical waves, and by 

applying boundary condi6ons, the coefficients for this expansion are determined. The 
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electric and magne6c fields of both the sca?ered and internal waves can be expressed 

in the spherical coordinate system {r, θ, φ} as follows[74]: 

 

𝐸!
(#) =

cos𝜑
(𝑘%𝑟)&

+𝑖ℓ()(2ℓ + 1)𝑎ℓ𝜁ℓ(𝑘%𝑟)𝑃ℓ
())(cos 𝜃)

*

ℓ+)

 

(2.3-5) 

 

𝐸,
(#) = −

cos𝜑
𝑘%𝑟

+𝑖ℓ()
2ℓ + 1
ℓ(ℓ + 1) 6𝑎ℓ𝜁ℓ

-(𝑘%𝑟)𝑃ℓ
())!(cos 𝜃) sin 𝜃 − 𝑖𝑏ℓ𝜁ℓ(𝑘%𝑟)

𝑃ℓ
())(cos 𝜃)
sin 𝜃 :

*

ℓ+)

 

(2.3-6) 

 

𝐸.
(#) = −

sin𝜑
𝑘%𝑟

+𝑖ℓ()
2ℓ + 1
ℓ(ℓ + 1) 6𝑎ℓ𝜁ℓ

-(𝑘%𝑟)
𝑃ℓ
())!(cos 𝜃)
sin 𝜃 − 𝑖𝑏ℓ𝜁ℓ(𝑘%𝑟)𝑃ℓ

())(cos 𝜃) sin 𝜃:
*

ℓ+)

 

(2.3-7) 

 

𝐻!
(#) = <𝜀%

sin𝜑
𝑘%𝑟

+𝑖ℓ()(2ℓ + 1)𝑏ℓ𝜁ℓ(𝑘%𝑟)𝑃ℓ
())(cos 𝜃)

*

ℓ+)

 

(2.3-8) 

 

𝐻,
(#) = 𝑖<𝜀%

sin𝜑
𝑘/𝑟

+𝑖ℓ()
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ℓ(ℓ + 1) 6𝑎ℓ𝜁ℓ(𝑘%𝑟)

𝑃ℓ
())(cos 𝜃)
sin 𝜃 + 𝑖𝑏ℓ𝜁ℓ-(𝑘%𝑟)𝑃ℓ

())!(cos 𝜃) sin 𝜃:
*

ℓ+)

 

(2.3-9) 
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𝐻.
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(2.3-10) 
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(2.3-12) 
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sin𝜑
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(2.3-13) 
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sin𝜑
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(2.3-14) 
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sin𝜑
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(2.3-15) 
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𝐻.
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(2.3-16) 

These equa6ons detail the components of electric and magne6c fields sca?ered by a 

spherical par6cle according to Mie theory. In these equa6ons, 𝑃ℓ represent the 

associated Legendre func6ons, and 𝜁 & 𝜓 are the spherical Bessel func6ons. The 

wave numbers in the medium and in vacuum are denoted by 𝑘2 and 𝑘+, respec6vely. 

The coefficients 𝑎ℓ and 𝑏ℓ are associated with the sca?ering waves, while 𝑐ℓ and 

𝑑ℓ pertain to the internal waves which can define as[74]: 

 

𝑎ℓ =
𝑞7𝜓ℓ

′ (𝑞2)𝜓ℓh𝑞7i − 𝑞2𝜓ℓ(𝑞2)𝜓ℓ
′ h𝑞7i

𝑞7𝜁ℓ
′ (𝑞2)𝜓ℓh𝑞7i − 𝑞2𝜓ℓ

′ (𝑞2)𝜁ℓh𝑞7i
 

𝑏ℓ =
𝑞7𝜓ℓ

′ h𝑞7i𝜓ℓ(𝑞2) − 𝑞2𝜓ℓh𝑞7i𝜓ℓ
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𝑞7𝜓ℓ
′ h𝑞7i𝜁ℓ(𝑞2) − 𝑞2𝜓ℓh𝑞7i𝜁ℓ

′ (𝑞2)
 

𝑐ℓ =
𝑞7𝜁ℓ(𝑞2)𝜓ℓ

′ (𝑞2) − 𝑞7𝜁ℓ
′ (𝑞2)𝜓ℓ(𝑞2)

𝑞7𝜁ℓ
′ (𝑞2)𝜓ℓh𝑞7i − 𝑞2𝜓ℓ

′ h𝑞7i𝜁ℓ(𝑞2)
 

𝑑ℓ =
𝑞7𝜁ℓ

′ (𝑞2)𝜓ℓ(𝑞2) − 𝑞7𝜁ℓ(𝑞2)𝜓ℓ
′ (𝑞2)

𝑞7𝜓ℓ
′ h𝑞7i𝜁ℓ(𝑞2) − 𝑞2𝜓ℓh𝑞7i𝜁ℓ

′ (𝑞2)
 

(2.3-17) 

 

2.4 Op5cal fiber waveguides & coupling theory 

Light propaga6on within a waveguide is characterized by guided electromagne6c 

waves called waveguide modes. In op6cal fibers, mul6ple modes can propagate 

concurrently and interact through coupling at the core-cladding boundary, where the 

electric and magne6c field components interplay with specific propaga6on constants 

for each mode. Introducing a periodic disturbance along the fiber enables the transfer 



 48 

of power between these modes, a phenomenon known as mode coupling. The 

coupled-mode theory, par6cularly as described by Erdogan's models of short- and 

long-period gra6ngs, provides a framework to analyze these energy transfers induced 

by fiber gra6ngs[101,102]. 

 

 

Figure 2.4-1 Schema6c of light wave diffrac6on by a gra6ng[101]. 

 

Based on figure 2.4-1, a fiber gra6ng func6ons as an op6cal diffrac6on gra6ng, 

meaning its impact on a light wave arriving at an angle can be explained using the well-

known gra6ng equa6on[101]: 

 

𝑛 sin(𝜃*) = 𝑛 sin(𝜃-) + 𝑚
𝜆
Λ 

(2.4-1) 

where 𝜃₁ is the angle of the incident light wave, 𝜃₂ is the angle of the diffracted 

wave, the integer 𝑚 determines the diffrac6on order, 𝜆 denotes the wavelength, 

and 𝛬 represents the period of the gra6ng. 
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2.4.1 Fiber Bragg gra1ngs 

For short-period gra6ngs, a Fiber Bragg gra6ng (FBG) is a specialized type of Bragg 

reflector implemented within op6cal fibers, func6oning akin to segmented reflec6on 

filters. This design primarily interacts with wavelengths closely matching its counter-

propaga6ng (backward) mode[103]. 

 

 

Figure 2.4-2 Schema6c of FBG core mode reflec6on[101]. 

 

Figure 2.4-2 illustrates the reflec6on by a Bragg gra6ng where a mode incident at an 

angle 𝜃₁ reflects into the same mode traveling in the opposite direc6on at an angle 

𝜃₂	 = 	−𝜃₁. 𝛽 represents the z-component of the wave propaga6on and constant 𝑘 

is the parameter in describing fiber modes, can be expressed as[101]: 

 

𝛽 = *8
9
𝑛'33, where 𝑛'33 = 𝑛/0 sin 𝜃 

(2.4-2) 
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where 𝑛'33 and 𝑛/0 represent effec6ve refrac6ve index and refrac6ve index of core, 

respec6vely. The mode remains guided as long as 𝛽 meets the condi6on 𝑛/&$:𝑘 <

𝛽 < 𝑛/0𝑘, where 𝑛/&$:  is the refrac6ve index of cladding and 𝑘 = *8
9

. 

The Coupled Mode Theory method revolves around first defining and solving the 

modes of the unperturbed or uncoupled structures. Subsequently, a linear 

combina6on of these modes is employed as a trial solu6on for Maxwell’s equa6ons in 

more complex perturbed or coupled structures. The complex amplitudes are 

described by coupled-mode equa6ons[101]: 

 

𝑑𝑅(𝑧)
𝑑𝑧 = 𝑖𝜎K𝑅(𝑧) + 𝑖𝜅𝑆(𝑧) 

𝑑𝑆(𝑧)
𝑑𝑧 = −𝑖𝜎K𝑆(𝑧)−𝑖𝜅∗𝑅(𝑧) 

(2.4-3) 

where the amplitudes R and S are defined as: 

 

𝑅(𝑧) ≡ 𝐴(𝑧)𝑒"<51
=
*  

𝑆(𝑧) ≡ 𝐵(𝑧)𝑒1"<5>
=
*  

(2.4-4) 

In the equa6on 2.5-3, 𝜅  is the cross-coupling coefficient and 𝜎K  is a general self-

coupling coefficient defined as: 

 

𝜎K ≡ 𝛿 + 𝜎 −
1
2
𝑑𝜙
𝑑𝑧  

(2.4-5) 

where 𝛿 is the wave detuning parameter which is independent of z for all gra6ngs is 
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defined as:  

 

𝛿 ≡ 𝛽 −
𝜋
Λ = 𝛽 − 𝛽4 = 2𝜋𝑛'33 r

1
𝜆 −

1
𝜆4
s 

(2.4-6) 

where 𝜆4 = 2𝑛'33Λ is the Bragg wavelength for sca?ering by an infinitesimally weak 

gra6ng (𝛿𝑛'33 → 0) with a period Λ. 

For a single-mode Bragg reflec6on gra6ng, the following straighSorward rela6ons are 

derived: 

 

𝜎 =
2𝜋
𝜆 𝛿𝑛'33uuuuuuuu 

𝜅 = 𝜅∗ =
𝜋
𝜆 𝑣𝛿𝑛'33

uuuuuuuu 

(2.4-7) 

As only uniform gra6ngs along z-component are considered in this thesis, 𝛿𝑛'33uuuuuuuu is a 

constant, thus 𝜅, 𝜎 and 𝜎K are all constant. 

As a result, the transmission spectrum is wri?en as a 2 × 2 matrix with elements[104]: 

 

𝑇 =

⎣
⎢
⎢
⎡𝑐𝑜𝑠ℎ(𝛾𝐿) − 𝑖

𝛿
𝛾 𝑠𝑖𝑛ℎ(𝛾𝐿) −𝑖

𝜅
𝛾 𝑠𝑖𝑛ℎ(𝛾𝐿)

𝑖
𝜅
𝛾 𝑠𝑖𝑛ℎ(𝛾𝐿) 𝑐𝑜𝑠ℎ(𝛾𝐿) + 𝑖

𝛿
𝛾 𝑠𝑖𝑛ℎ(𝛾𝐿)⎦

⎥
⎥
⎤
 

(2.4-8) 

where 𝛾 is defined as √𝜅* − 𝛿* and the gra6ng length 𝐿. Also, for a gra6ng with 

uniform index modula6on and a specific period, the reflec6vity is given by: 
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𝑅 =
𝜅* 𝑠𝑖𝑛ℎ*(𝛾𝐿)

𝛿* 𝑠𝑖𝑛ℎ*(𝛾𝐿) + 𝜅* 𝑐𝑜𝑠ℎ*(𝛾𝐿) 

(2.4-9) 

Two controllable factors can influence the intensity of the reflec6on power, the 

gra6ng length 𝐿 and the opera6onal wavelength 𝜆. The expression for the maximum 

reflec6vity 𝑅2$!, can be defined as: 

 

𝑅2$! = 𝑡𝑎𝑛ℎ*(𝜅𝐿) 

(2.4-10) 

 

 

Table 2.4-1 Reflec6vity of different gra6ng lengths from 5 mm to 40 mm[104]. 

 

Based on the theory described above, reflec6on spectra for different gra6ng lengths 

were examined by Ikhlef, as shown in table 2.4-1[104]. This examina6on confirmed 

that the spectral characteris6cs of uniform gra6ngs are similar to those of a sinc 

func6on. The reflec6on spectra for gra6ng lengths of 5 mm, 7 mm, 10 mm, 15 mm, 

and 25 mm are illustrated in figure 2.4-3. Specifically, the maximum reflec6vi6es 

measured at these lengths were 59.86%, 79.04%, 93.28%, and 99.09%, respec6vely. 
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At a length of 25 mm, the reflec6vity peaked at 99.98%, accompanied by an increase 

in the intensity of side lobes. Subsequent increases in gra6ng length did not further 

improve the maximum reflec6vity, which stabilized at 99.99%. 

 

 

Figure 2.4-3 Reflec6vity spectrum at (a) L = 5 mm, (b) L = 7 mm, (c) L = 10 mm, (d) L = 

15 mm, (e) L = 25 mm[104]. 

 

2.4.2 Long period gra1ngs 

Long-period gra6ngs (LPG) are a dis6nct category of Bragg reflector integrated into 

op6cal fibers, opera6ng as pass-through wavelength filters rather than reflectors. 

Unlike FBG, which reflect specific wavelengths back along the fiber, LPGs couple light 

from a guided mode into forward-propaga6ng cladding modes. This coupling occurs 

at wavelengths that sa6sfy the phase-matching condi6on, allowing the LPG to 

influence longer wavelength ranges than FBGs and selec6vely filter out specific bands 

of wavelengths while transmibng others. This interac6on makes LPGs highly effec6ve 

for spectral shaping and gain equaliza6on in op6cal fiber systems[105,106]. 
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Figure 2.4-4 (a) Schema6c of LPG cladding mode coupling transmission[101]. (b) 

Diagram of a cross-sec6onal view of the fiber geometry, illustra6ng the coordinate 

system and the refrac6ve indices of various components: The core (n1), the cladding 

(n2), and the surround (n3). The radii of the core (a1) and the cladding (a2)[102]. 

 

Figure 2.4-4 depicts the diffrac6on of a mode with an ini6al bounce angle 𝜃₁ , 

transi6oning into a forward-propaga6ng mode at a bounce angle 𝜃₂ , via a 

transmission gra6ng. The ini6al mode operates within the core, while the subsequent 

mode propagates within the cladding. In this scenario, with 𝛽  being posi6ve, the 

resonant wavelength for the transmission gra6ng is determined as follows[101]: 

 

𝜆# = h𝑛-,2
'33 − 𝑛*,2

'33iΛ 

(2.4-11) 

where 𝑛-
'33  and 𝑛*

'33  denote the effec6ve refrac6ve index of core and cladding, 

respec6vely. 

The linearly polarized (LP) approxima6on is adequately equipped to characterize a 

mode guided by the fiber core. This approxima6on is employed to determine the 

mode propaga6on constant. However, the field is described in terms of radial and 
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azimuthal vector components, as the ul6mate goal is to calculate overlap integrals 

with the exact fields of the cladding modes. Specifically, the dispersion rela6on used 

to derive the effec6ve index for the LP01 mode is as follows[102]: 

 

𝑉√1 − 𝑏
𝐽-h𝑉√1 − 𝑏i
𝐽+h𝑉√1 − 𝑏i

= 𝑉√𝑏
𝐾-h𝑉√𝑏i
𝐾+h𝑉√𝑏i

 

(2.4-12) 

where 𝐽 represents a Bessel func6on of the first kind and 𝐾 denotes a modified 

Bessel func6on of the second kind, 𝑉 = (2𝜋 𝜆⁄ )𝑎-�𝑛-* − 𝑛** is the V number of the 

fiber at wavelength 𝜆 , 𝑏 = (𝑛'33,/0* − 𝑛**)/(𝑛-* − 𝑛**)  is the normalized effec6ve 

index. 

For the field expressions characterizing the core mode, the exact radial and azimuthal 

vector components within the core region of the fiber can be approximated. The 

dispersion rela6on for a cladding mode, defined by the condi6on 𝑛@ 	< 	 𝑛*
'33 	< 𝑛*	, 

is provided as follows[102]: 

 

𝜁+ = 𝜁+.  

(2.4-13) 

where: 

 

𝜁+ =
1
𝜎*

𝑢* r𝐽𝐾 +
𝜎-𝜎*𝑢*-𝑢@*
𝑛**𝑎-𝑎*

s 𝑝&(𝑎*) − 𝐾𝑞&(𝑎*) + 𝐽𝑟&(𝑎*) −
1
𝑢*
𝑠&(𝑎*)

−𝑢* r
𝑢@*
𝑛**𝑎*

𝐽 − 𝑢*-
𝑛-*𝑎-

𝐾s𝑝&(𝑎*) +
𝑢@*
𝑛-*𝑎*

𝑞&(𝑎*) +
𝑢*-
𝑛-*𝑎-

𝑟&(𝑎*)
 

(2.4-14) 
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𝜁+. = 𝜎-
𝑢* r

𝑢@*
𝑎*

𝐽 − 𝑛@
*𝑢*-
𝑛**𝑎-

𝐾s𝑝&(𝑎*) +
𝑢@*
𝑎*

𝑞&(𝑎*) +
𝑢*-
𝑎-

𝑟&(𝑎*)

𝑢* r
𝑛@*
𝑛**
𝐽𝐾 + 𝜎-𝜎*𝑢*-𝑢@*𝑛-*𝑎-𝑎*

s 𝑝&(𝑎*) −
𝑛@*
𝑛-*
𝐾𝑞&(𝑎*) + 𝐽𝑟&(𝑎*) −

𝑛**
𝑛-*𝑢*

𝑠&(𝑎*)
 

(2.4-15) 

where the defini6ons used in equa6ons (2.5-13) and (2.5-14) are given by: 

 

𝜎- ≡ 𝑖𝑙𝑛*
'33 𝑍+�  

𝜎* ≡ 𝑖𝑙𝑛*
'33𝑍+ 

(2.4-16) 

  

𝑢*- =
1
𝑢**
−
1
𝑢-*

 

𝑢@* =
1
𝑤@*

−
1
𝑢**

 

(2.4-17) 

where 

𝑢A* ≡ (2𝜋 𝜆⁄ )*h𝑛A* − 𝑛'33,/&$:* i [	𝑗 ∈ (1, 2)	] 

𝑤@* ≡ (2𝜋 𝜆⁄ )*h𝑛'33,/&$:* − 𝑛@*i 

(2.4-18) 

 

𝐽 ≡
𝐽&.(𝑢-𝑎-)
𝑢-𝐽&(𝑢-𝑎-)

 

𝐾 ≡
𝐾&.(𝑤@𝑎*)
𝑤@𝐾&(𝑤@𝑎*)

 

(2.4-19) 
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𝑝&(𝑟) ≡ 𝐽&(𝑢*𝑟)𝑁&(𝑢*𝑎-) − 𝐽&(𝑢*𝑎-)𝑁&(𝑢*𝑟) 

𝑞&(𝑟) ≡ 𝐽&(𝑢*𝑟)𝑁&.(𝑢*𝑎-) − 𝐽&.(𝑢*𝑎-)𝑁&(𝑢*𝑟) 

𝑟&(𝑟) ≡ 𝐽&.(𝑢*𝑟)𝑁&(𝑢*𝑎-) − 𝐽&(𝑢*𝑎-)𝑁&.(𝑢*𝑟) 

𝑠&(𝑟) ≡ 𝐽&.(𝑢*𝑟)𝑁&.(𝑢*𝑎-) − 𝐽&.(𝑢*𝑎-)𝑁&.(𝑢*𝑟) 

(2.4-20) 

In the above equa6ons, 𝑍+ = 377	Ω is the free space electromagne6c impedance, 𝑙 

is a given azimuthal number, 𝑁 represents a Bessel func6on of the second kind, and 

the prime nota6on signifies differen6a6on with respect to the en6re argument. The 

coupling coefficient varying z dependence for forward-propaga6ng core-core mode 

𝜅/01/0  and core-cladding mode 𝜅/01/&  coupling in op6cal fibers can be wri?en 

as[102]: 

 

𝜅/01/0(𝑧) = 𝜎(𝑧)
2𝜋
𝜆

𝑛-*𝑏
𝑛*√1 + 2𝑏Δ

�1 +
𝐽+*h𝑉√1 − 𝑏i
𝐽-*h𝑉√1 − 𝑏i

� 

(2.4-21) 

 

𝜅/01/&(𝑧) = 𝜎(𝑧)
2𝜋
𝜆 �

𝜋𝑏
𝑍+𝑛*√1 + 2𝑏Δ

�

-
*
×

𝑛-*𝑢-
𝑢-* − 𝑉* (1 − 𝑏) 𝑎-*⁄

× �1 +
𝜎*𝜁+
𝑛-*

�𝐸/& �𝑢-𝐽-(𝑢-𝑎-) ×
𝐽+h𝑉√1 − 𝑏i
𝐽-h𝑉√1 − 𝑏i

−
𝑉√1 − 𝑏

𝑎-
𝐽+(𝑢-𝑎-)� 

(2.4-22) 

where 𝜎(𝑧) denotes the slowly varying envelope of the gra6ng, Δ = (𝑛- − 𝑛*) 𝑛-⁄  

denotes the index modula6on and 𝐸/&  denotes the normaliza6on constant of the 

electric field for the cladding modes based on a par6cular normaliza6on choice. 
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Figure 2.4-5 Core-cladding mode coupling coefficient 𝜅/01/&  for the 168 𝑙 = 1 

cladding modes in a LPG[102]. 

 

In evalua6ng the coupling strength varia6ons between the LP01 core mode and all 

cladding modes at a 1550 nm wavelength, the coupling constants were determined 

using the fiber geometry depicted in figure 2.4-5. A total of 168 modes were iden6fied 

below cutoff at this wavelength. The analysis revealed that coupling between the core 

mode and the lowest-order even cladding modes is markedly weaker compared to the 

lowest-order odd cladding modes. However, star6ng from cladding modes of order 40 

onwards, both even and odd modes demonstrate similar levels of coupling strength. 

This trend of gradual oscilla6ons in coupling strength rela6ve to the cladding mode 

number reflects a similar oscilla6on pa?ern observed with wavelength in the coupling 

from the core mode to the con6nuum of radia6on modes within the fiber[102]. 

Similar to the case with FBG, 𝜎K  is defined as a general self-coupling coefficient, 
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expressed as follows[101]: 

 

𝜎K ≡ 𝛿 +
1
2𝜅/01/0 

(2.4-23) 

where 𝛿 is the detuning parameter defined as: 

 

𝛿 ≡
1
2
(𝛽- − 𝛽*) −

𝜋
Λ 

(2.4-24) 

where 𝛽- = (2𝜋 𝜆⁄ )𝑛-
'33 and 𝛽* = (2𝜋 𝜆⁄ )𝑛*

'33 for core mode and cladding mode, 

respec6vely. Thus, the transmission spectrum can be obtained as: 

 

𝑇 = 𝑐𝑜𝑠* ��𝜅/01/&* + 𝜎K*𝐿� +
𝜎K*

𝜎K* + 𝜅/01/&* 𝑠𝑖𝑛* ��𝜅/01/&* + 𝜎K*𝐿� 

(2.4-25) 

Subsequently, the maximum transmission 𝑇2$! of cladding modes LPG with a gra6ng 

length of 𝐿 is specified as: 

 

𝑇2$! = 𝑠𝑖𝑛*(𝜅/01/&𝐿) 

(2.4-26) 

According to the transmission equa6on for LPG mode coupling, figure 2.4-6 shows a 

MATLAB simula6on example[107], the fiber parameters were set as follows: Core 

radius 𝑎- = 4.15	𝜇𝑚 , core refrac6ve index 𝑛- = 1.4681 , cladding radius 𝑎* =

62.5	𝜇𝑚, cladding refrac6ve index 𝑛* = 1.4628, surrounding refrac6ve index 𝑛@ 	=
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1.0. The transmi?ance 𝑇 at each wavelength was obtained as shown in figure 2.5-5. 

The posi6ons of the four loss peaks were 1340.7	𝑛𝑚, 1.369.3	𝑛𝑚, 1428.1	𝑛𝑚 and 

1533.7	𝑛𝑚  and the corresponding peak loss values were −1.0	𝑑𝐵 , −3.9	𝑑𝐵 , 

−10.1	𝑑𝐵 and −30.0	𝑑𝐵. 

 

 

Figure 2.4-6 Transmission spectrum simula6on of LPG[107]. 

 

2.4.3 Sensi1za1on principle of op1cal fiber gra1ng sensor 

FBG can be used as a type of op6cal sensor to measure strain, temperature, and other 

physical parameters. They are based on the principle of Bragg reflec6on, where light 

within a certain wavelength is reflected back from a periodic perturba6on in the fiber's 

refrac6ve index[108]. FBG sensors first emerged in the early 1990s when researchers 

started to leverage the unique proper6es of op6cal fibers for sensing purposes. The 

ability to embed gra6ngs within fibers allowed for the direct measurement of physical 

changes through shios in the Bragg wavelength. This technology has become popular 
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due to its high sensi6vity, small size, electromagne6c immunity, and the ability to 

mul6plex mul6ple sensors along a single fiber[109,110]. 

For strain sensing, the wavelength shio, denoted as 𝛥𝜆4B, resul6ng from an applied 

longitudinal strain Δ𝜀, is given by[111]: 

 

𝛥𝜆4B = 𝜆4(1 − 𝜌C)𝛥𝜀 

(2.4-27) 

where 𝜌C  is the photoelas6c coefficient of the fiber. For temperature sensing, the 

wavelength shio, represented as 𝛥𝜆4D, due to temperature change 𝛥𝑇, is given by: 

 

𝛥𝜆4D = 𝜆4(1 − 𝜁)𝛥𝑇 

(2.4-28) 

where 𝜁 is the fiber thermo-op6c coefficient.  

LPG can be used as a type of op6cal fiber sensor that modulates the transmission 

proper6es of light in a fiber due to changes in external condi6ons. Unlike FBG sensors 

that reflect light, LPG sensors couple light from a guided mode to cladding modes, 

causing a?enua6on bands at specific wavelengths. This makes LPG sensors 

par6cularly useful for measuring changes in refrac6ve index, temperature and 

strain[112,113]. LPG sensors emerged in the op6cal sensing field in the mid-1990s. 

The development of LPG sensors was driven by their poten6al for higher sensi6vity to 

environmental changes compared to other op6cal sensors[114]. 

Table 2.4-2 provides a summary of the sensi6vi6es to wavelength-strain and 

wavelength-temperature for FBGs with varying wavelengths. For silica fibers, the 

sensi6vi6es to wavelength-strain for FBGs at 800 nm and 1.55 µm have been recorded 

at approximately 0.64	𝑝𝑚/µ𝜀  and 1.2 𝑝𝑚/µ𝜀 , respec6vely. Addi6onally, the 

sensi6vi6es to wavelength-temperature for the same FBGs at 800 nm and 1.55 µm are 
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approximately 6.8	𝑝𝑚/°𝐶 and 13	𝑝𝑚/°𝐶, respec6vely[111]. 

 

 

Table 2.4-2 Strain & temperature sensi6vi6es of FBG sensors across various 𝜆4[111]. 

 

 

Figure 2.4-7 The rela6onship between the refrac6ve index (RI) of the material 

surrounding and (a) the wavelength shio, (b) the minimum transmission based on a 

400 µm period LPG[115]. 

 

The refrac6ve index sensi6vity of LPG is linked to how the effec6ve refrac6ve index of 

the cladding modes reacts to the surrounding medium. Specifically, the central 

wavelengths of LPG a?enua6on bands shio in response to changes in the surrounding 

refrac6ve index, provided it is lower than the cladding's index. This sensi6vity is most 

pronounced in higher-order modes when the refrac6ve index nears that of the 

cladding, leading to the disappearance of discrete modes and the occurrence of 

broadband radia6on-mode losses. Conversely, if the surrounding refrac6ve index 

exceeds that of the cladding, the a?enua6on bands become less sensi6ve and their 
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ex6nc6on diminishes, altering the transmission spectrum[116]. This behavior is 

exemplified in figure 2.4-7. 

 

2.5 Chapter summary 

In summary, significant progress has been made in microsphere-assisted 

nanopa?erning and monolayer deposi6on on flat and curved surfaces, but their 

applica6on to op6cal fiber gra6ng surfaces remains limited. Adap6ng these 

techniques to the cylindrical geometry of op6cal fibers presents challenges, such as 

ensuring uniform par6cle alignment and precise pa?erning. Moreover, integra6ng 

nanopa?erned structures with fiber op6c devices for enhanced sensing and light 

manipula6on needs further development. Similarly, while super-resolu6on 

nanoimaging and nanopa?erning systems exist independently, a combined system 

capable of simultaneous opera6on has yet to be achieved. Technologies like 

microsphere superlenses and photonic nanojets excel in either imaging or pa?erning 

but lack integra6on into dual-func6on plaSorms. This gap limits advancements in real-

6me nanoscale monitoring and fabrica6on for applica6ons such as an6-counterfei6ng, 

semiconductor manufacturing, and nanophotonics. 
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Chapter 3. 

Research Methodology: Theore1cal 
Simula1on & Equipment 

 

3.1  Introduc5on 

Chapter 3 outlines the research methodologies used in exploring advanced op6cal 

phenomena and equipment setups. This chapter connects theore6cal models with 

prac6cal implementa6on by detailing both simula6on techniques and the 

experimental apparatus employed. It provides in-depth insights into the simula6on 

tools and computa6onal models used to understand complex op6cal interac6ons, 

including xMie sooware, CST Microwave Studio, and MATLAB, which is important for 

predic6ng and analyzing behaviors prior to conduc6ng physical experiments. 

Addi6onally, the equipment sec6on describes the various instruments used 

throughout the research. These include various laser systems, op6cal spectrum 

analyzers, and characteriza6on equipment, which are instrumental in analyzing the 

experimental results discussed in subsequent chapters. This chapter sets the stage for 

the following chapters, where the outcomes of these methodologies are analyzed and 

discussed, linking back to the theore6cal models presented in Chapter 2. 

 

3.2  Op5cal simula5on 

This sec6on introduces the simula6on tools and condi6ons detailed in Chapter 4. It 

covers the use of several advanced simula6on plaSorms: xMie sooware, CST 

Microwave Studio, and MATLAB. Each tool is applied to explore dis6nct op6cal 

phenomena and components. Specifically, xMie sooware is employed to analyze the 

focusing characteris6cs of a single homogeneous dielectric microspherical par6cle. 

Meanwhile, CST Microwave Studio is u6lized to study the transmission proper6es of 
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graphene across various layer thicknesses. Addi6onally, MATLAB is leveraged to 

simulate the op6cal behavior of FZP and to evaluate the performance of fiber gra6ng 

sensors. These simula6ons are crucial for understanding complex interac6ons in 

photonics and contribute significantly to the theore6cal models discussed in the 

previous chapter. 

 

3.2.1  xMie soTware 

 

 

Figure 3.2-1 The user interface of xMie sooware. 
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xMie, a simula6on sooware developed by Dr. Zengbo Wang, is built on Mie theory to 

simulate the field distribu6on both inside and outside a single microsphere, as 

depicted in figure 3.2-1. This sooware employs the analy6cal method to calculate the 

Mie solu6ons of Maxwell's equa6ons for a microsphere embedded in a homogeneous 

medium and illuminated by a uniform light source. xMie is notable for its ability to 

efficiently handle calcula6ons related to sca?ering on a single par6cle and near-field 

effects, providing fast and accurate results. It u6lizes MATLAB for its graphical user 

interface, allowing users to define parameters for the par6cle and incident light to 

accurately plot and generate detailed visualiza6ons of electric field intensity in a 2D 

format. 

 

 

Figure 3.2-2 Electric field intensity |𝐸|* of 80 μm BTG microsphere irradiated by 1030 

nm laser in (a) air, (b) water and (c) UV glue on the XZ plane. 

 

In this project, the xMie simula6on sooware was employed to study the effects of a 

dielectric par6cle's environment on the width and length of the PNJ. The simula6ons 

were conducted using a Barium Titanate Glass (BTG) microsphere with a diameter of 

80 µm, set in three different media: air, water, and UV glue. The key input parameters 

for these simula6ons included: 𝑛2  (the refrac6ve index of the medium), 𝑛7  (the 

refrac6ve index of the microsphere), 𝑅 (the radius of the microsphere) and 𝜆 (the 

wavelength of the incident laser light). Specifically, 𝑛7 was fixed at 1.9, while 𝑛2 

varied among 1.0 (air), 1.33 (water), and 1.56 (UV glue). Addi6onally, 𝑞  (the size 

parameter) determines the near-field profile of the Mie sca?ering, as outlined in 
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equa6on 2.3-3. The simula6on results, including the focus size and the electric field 

intensity |𝐸|*, are illustrated in figures 3.2-2, demonstra6ng the influence of these 

media on the PNJ characteris6cs. 

 

3.2.2  CST Microwave Studio 

CST MWS employs a range of electromagne6c simula6on solvers based on numerical 

methods such as the Finite Difference Time Domain Method (FDTM) and the Finite 

Integra6on Technique (FIT). The FIT, a core technique in CST, offers a universal spa6al 

discre6za6on scheme that is capable of handling electromagne6c problems across a 

spectrum—from sta6c field calcula6ons to dynamic, high-frequency applica6ons in 

both 6me and frequency domains. Unlike many numerical methods that discre6ze 

Maxwell's equa6ons in differen6al form, FIT does so in an integral form, enhancing 

the accuracy and applicability of simula6ons[117].  

 

 

Figure 3.2-3 CST with monolayer graphene model. 

 

In this project, CST Microwave Studio (CST MWS) was u6lized to inves6gate various 
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electromagne6c phenomena, including the transmission characteris6cs of graphene 

with differing layer counts. CST interface with visual representa6ons of the model is 

depicted in figure 3.2-3. 

 

 

 

Figure 3.2-4 (a) CST simulated transmi?ance of mul6-layer graphene, (b) average 

transmi?ance of (a), ranging from monolayer layer up to 20 layers. 
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Figure 3.2-4a displays CST simula6on results depic6ng the transmission characteris6cs 

of graphene for varying layer counts, from a monolayer up to 20 layers. On the x-axis, 

the number of graphene layers is shown, while the y-axis reflects the percentage of 

light transmi?ance. The graph clearly demonstrates a downward trend in 

transmi?ance as the number of layers increases, with each line on the graph 

represen6ng the transmi?ance values measured at different layer counts. Meanwhile, 

figure 3.2-4b presents a sca?er line plot that charts the average CST simula6on results 

of transmi?ance for mul6-layer graphene, star6ng from a high of 97.758% for a 

monolayer to a lower 66.140% for 20 layers. The y-axis again tracks transmi?ance 

percentages, underscoring the decrease in light transmission with an increase in layers. 

Each data point connects with a smooth line, illustra6ng the general trend across the 

range of layer counts. 

 

 

Figure 3.2-5 CST simulated (blue) and theore6cal (red) transmi?ance results of mul6-

layer graphene. 

 

The figure above illustrates the transmi?ance of mul6-layer graphene, comparing 

results from both CST simula6ons (in blue) and theore6cal calcula6ons (in red) which 

is given by[118]: 



 70 

 

𝑇(𝑁) = r1 +
1
2𝜋𝛼𝑁s

1*

 

(3.2-1) 

where the fine structure constant 𝛼 ≈ 1 137⁄ . The transmi?ance percentage 

decreases progressively as the number of layers increases, reflec6ng a predictable 

reduc6on in light transmission through addi6onal graphene layers. Notably, the CST 

simulated results closely align with the theore6cal predic6ons across all layer counts, 

underscoring the accuracy of the simula6on in capturing the op6cal behavior of 

graphene. This alignment is visually emphasized by the overlapping lines, which 

validate the theore6cal model used to predict the transmi?ance proper6es of mul6-

layer graphene. 

 

3.2.3  MATLAB 2D FZP simula1on 

MATLAB, a powerful compu6ng environment, is u6lized for coding and plobng to 

generate models of a 2D FZP featuring varying numbers of zones. This modeling 

approach is specifically tailored to facilitate the fabrica6on of the FZP on a thin film 

substrate using laser direct wri6ng techniques. The design of the model is crucial for 

the fabrica6on process, delinea6ng areas of transmission (to be laser-marked) in black 

and blocked (non-marked) areas in white. This binary color scheme aids in the 

accurate transla6on of digital models into physical structures by clearly defining which 

regions should absorb laser energy. The precise control offered by MATLAB allows for 

the adjustment of parameters such as zone width and total number of zones, which 

are essen6al for op6mizing the focusing proper6es of the FZP. Furthermore, this 

approach supports itera6ve tes6ng and refinement of the design to ensure high 

fidelity between the modeled and fabricated products. 

In addi6on, radius 𝑟E for each zone 𝑛 and diameter of primary focal point 𝐷3 are 

given by[119]: 
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𝑟E = �𝑛𝜆𝐹 + r
𝑛𝜆
2 s

*

	𝑛 = 1,2, …	, 𝑁 

(3.2-2) 

 

𝐷3 =
𝜆𝐹

�𝑛𝜆𝐹 + �𝑛𝜆2 �
*
 

(3.2-3) 

where the FZPs are designed with focal length 𝐹	 = 	1	𝑚𝑚 and incidence wavelength 

𝜆	 = 	640	𝑛𝑚. 

 

 

Figure 3.2-6 (a) Even mode FZP with 14 zones, (b) Odd mode FZP with 15 zones, (c) 

Even mode FZP with 100 zones, (d) Odd mode FZP with 101 zones. 
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Figure 3.2-6 illustrates various models of FZPs designed using MATLAB, based on 

specific coding parameters. These models display both even and odd-numbered zones, 

showcasing different pa?erns that influence the op6cal proper6es of the FZPs. In 

panels (a) and (b), the FZPs with 14 and 15 zones are depicted, with total diameters of 

94.76 µm and 98.10 µm respec6vely. The width of the outermost zone in these models 

is 3.45 µm for the 14-zone FZP and 3.33 µm for the 15-zone FZP. This dimension is 

cri6cal as it determines the minimum resolu6on required for the laser direct wri6ng 

process used in fabrica6on; only resolu6ons finer than these widths can accurately 

render the FZP's intricate pa?erns onto a physical substrate. Panels (c) and (d) show 

FZPs with significantly more zones—100 and 101 respec6vely—highligh6ng a trend 

where an increase in the number of zones leads to a larger overall size of the FZP. This 

increase in zones and size also demands a decrease in the width of the outermost zone, 

which are 1.30 µm for the 100-zone FZP and 1.29 µm for the 101-zone FZP. These 

smaller widths indicate a requirement for higher precision in the laser direct wri6ng 

process to achieve the necessary detail in the fabrica6on. 

 

 

Figure 3.2-7 Laser line-marking calibrated FZP mode with 15 zones. 
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Figure 3.2-7 presents an enhanced design of a FZP with 15 zones, specifically tailored 

for fabrica6on using laser direct wri6ng technology. In this refined model, each zone 

is composed of finely detailed lines that match precisely with the resolu6on 

capabili6es of the laser system. This arrangement is crucial as it ensures that each 

microscopic line is accurately produced by the laser, adhering to the precise width 

required to maintain the FZP's op6cal performance. The figure prominently features 

a zoomed-in sec6on highligh6ng the precise detail within the outermost zones. The 

adapta6on of the zone structure to match the laser's resolu6on sebngs is a key 

innova6on that significantly enhances the fidelity of the fabricated FZP. By aligning the 

digital design so closely with the physical capabili6es of the laser system, this approach 

minimizes errors and maximizes the efficiency of the energy focusing proper6es of the 

FZP. 

Such advancements are instrumental for applica6ons requiring high precision in 

op6cal manipula6on, such as in microscopy, imaging systems, and photonic devices. 

The implica6ons of these design varia6ons on the FZP's focusing abili6es and overall 

performance will be further explored and detailed in chapter 4 of the study. This 

subsequent analysis will include discussions on the physical fabrica6on of these FZPs 

and the tes6ng of their focal proper6es to assess their prac6cal applica6ons in op6cal 

systems. 

 

3.2.4  MATLAB fiber gra1ng sensor simula1on 

Addi6onally, two MATLAB programs have been developed to simulate the 

transmission spectra of FBG and LPG. These programs serve a cri6cal role in providing 

theore6cal founda6ons for experimental setups in two dis6nct but related sensing 

applica6ons. The first program focuses on the transmission characteris6cs of FBGs. 

The second program is dedicated to simula6ng the transmission spectrum of LPGs, 

which are used extensively in sensing the refrac6ve index of surrounding 

environments. This capability is par6cularly valuable in applica6ons where changes 
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in refrac6ve index can indicate the presence of specific chemicals or varia6ons in the 

concentra6on of a substance. By accurately predic6ng how LPGs interact with 

different refrac6ve indices, the program supports the experimental design, helping 

to ensure that the LPG-based sensors are both sensi6ve and specific to the intended 

environmental condi6ons. 

 

3.2.4.1  FBG simula'on 

MATLAB code (see in Appendix B) for modeling the reflec6on spectra of FBG includes 

cri6cal configurable parameters essen6al for simula6ng FBG behavior, such as the 

gra6ng period (Λ), the gra6ng length (𝐿), and the effec6ve refrac6ve index (𝑛'33). 

These parameters are fundamental in determining the op6cal proper6es of the FBG, 

par6cularly in how it interacts with light at specific wavelengths. The code u6lizes 

these parameters to calculate the center Bragg wavelength using the equa6on 2.4-6, 

𝜆4 = 2𝑛'33Λ, which defines the wavelength at which peak reflec6on occurs in the 

FBG, based on its physical and op6cal proper6es. 

The figure below presents the simulated reflec6on spectra of FBGs at a fixed Bragg 

wavelength of 1550 nm, highligh6ng the impact of gra6ng length on reflec6vity. As 

shown, a gra6ng length of 5 mm achieves a reflec6vity of about 60%, which increases 

to 80% for 7 mm, and exceeds 99% for lengths of 15 mm or more. This increase in 

reflec6vity with longer gra6ng lengths also leads to more intense side lobes, 

indica6ng more complex interference pa?erns that could affect spectral purity in 

prac6cal applica6ons. Their increased intensity can be a?ributed to the more 

complex interference pa?erns formed as the gra6ng length extends, which can affect 

the spectral purity and may have implica6ons for certain applica6ons where a clean 

spectral response is required. 
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Figure 3.2-8 MATLAB simula6on results of FBG reflec6vity spectrum at gra6ng 

length (a) L = 5 mm, (b) L = 7 mm, (c) L = 15 mm, (d) L = 25 mm. 

 

By enabling adjustments to the gra6ng period, length, and refrac6ve index, the 

MATLAB code provides a versa6le tool for simula6ng and op6mizing FBG designs. 

The ability to predict and manipulate the Bragg wavelength through simula6on not 

only enhances the development process but also significantly reduces the 

experimental trial and error, leading to faster innova6on and deployment of FBG-

based sensing technologies. 

 

3.2.4.2  LPG simula'on 

MATLAB programme (see in Appendix C) simulates the transmission spectrum of 



 76 

LPGs. The code snippet highlights key configurable parameters cri6cal for the 

simula6on, such as the refrac6ve indices of the fiber core (𝑛-), cladding (𝑛*), and 

surrounding medium (𝑛@), as well as the radii of the fiber core (𝑎-) and cladding (𝑎*). 

Addi6onally, the gra6ng period (Λ) and the gra6ng length (𝐿) are also specified, 

allowing for detailed adjustments to model how these factors influence the LPG’s 

transmission characteris6cs under different environmental condi6ons. This detailed 

configurability facilitates precise simula6ons, aiding in the understanding and 

predic6on of the transmission spectrum of LPGs across various surrounding 

environments. 

 

 

Figure 3.2-9 MATLAB simula6on tests of (a) Order of effec6ve refrac6ve index of 

cladding 𝑛*
'33, (b) Coupling constant 𝜎(𝑧) via different cladding mode number 𝑣. 

 

The MATLAB simula6on provides detailed visual representa6ons of the calculated 

results for the effec6ve refrac6ve index 𝑛*
'33 and the coupling constants 𝜎(𝑧) in a 

study of cladding modes within op6cal fibers as shown in figure 3.2-12. Panel (a) 

depicts the effec6ve refrac6ve index 𝑛*
'33 for different orders, calculated using the 

specified equa6on 2.4-13 𝜁+ = 𝜁+. . It illustrates the varia6on in 𝑛*
'33 with smooth 

and periodic peaks, indica6ng how each mode interacts differently within the fiber 
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structure. Panel (b) of the figure displays the coupling constant 𝜎(𝑧) as a func6on 

of the cladding mode number 𝑣, with data points represen6ng both odd and even 

modes. The coupling constant, which measures the efficiency of power transfer 

between the fiber core and the cladding modes, shows dis6nct peaks for specific 

modes, highligh6ng varia6ons in coupling efficiency across the spectrum. This graph 

corroborates the results found in reference paper[102], using the same parameters. 

The transmission spectrum of LPG simula6on by the MATLAB program is shown in 

figure 3.2-10. The spectrum features dis6nct loss peaks indica6ve of the LPG's 

response at various wavelengths. Notably, the spectrum shows five pronounced loss 

peaks at wavelengths of 1270.7 nm, 1292.3 nm, 1347.5 nm, 1437.1 nm, and 1620.7 

nm. The corresponding peak loss values are -0.4 dB, -1.7 dB, -3.5 dB, -7.0 dB, and -10 

dB, respec6vely. These peaks represent cri6cal points where the LPG effec6vely 

couples the core mode to cladding modes, resul6ng in significant transmission losses 

at these specific wavelengths. 

 

 

Figure 3.2-10 MATLAB simula6on result of LPG transmission spectrum. 
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Figure 3.2-11 MATLAB simula6on results of LPG (a) Wavelength peak shios under 

various refrac6ve index of surrounding medium from air (1.000), water (1.330) to 

1.445, (b) Wavelength peak shio and minimum transmission value of an a?enua6on 

band against the RI of surrounding medium. 

 

The MATLAB simula6ons depicted in the figures illustrate how the transmission 

characteris6cs of an LPG are influenced by the refrac6ve index of the surrounding 

medium. In figure 3.2-11a, shios in the wavelength peaks of the transmission 

spectrum are observed across a range of surrounding refrac6ve indices from air 

(n=1.000) to 1.445. Each curve corresponds to a different refrac6ve index, showing a 

clear trend where the resonant wavelength peak shios towards longer wavelengths 
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as the surrounding refrac6ve index increases. Figure 3.2-11b presents a detailed plot 

of both the resonant wavelength and the minimum transmission (depth of the 

a?enua6on band) against the surrounding refrac6ve index. The blue line traces the 

wavelength shio, which steadily moves to longer wavelengths with increasing 

refrac6ve index, while the orange line represents the transmission depth, which also 

deepens significantly as the refrac6ve index increases. This dual response feature of 

the LPG, depicted by both the shio in wavelength and changes in transmission 

intensity with varia6ons in refrac6ve index, is par6cularly useful for designing 

sensi6ve op6cal sensors capable of detec6ng minute changes in the environment. 

This data is essen6al for applica6ons in op6cal filtering and sensing, where precise 

control over wavelength selec6vity is required. The detailed simula6on helps in 

predic6ng and op6mizing the LPG's performance for targeted applica6ons in 

telecommunica6ons or sensor technology, providing a valuable tool for designing 

devices that operate with high precision across varied op6cal spectra. These sensors 

are applicable in fields ranging from biomedical to environmental monitoring. 

 

3.3  Experiment laser systems 

This sec6on describes the various types of laser system equipment u6lized throughout 

the experiments conducted during the en6re PhD project process. Each system is 

differen6ated by its specific capabili6es and applica6ons, playing a crucial role in the 

comprehensive explora6on and analysis of the phenomena under study. The 

descrip6ons cover the specifica6ons and the experimental relevance of each type of 

laser system employed in the research. 

 

3.3.1  UV nanosecond pulsed laser system 

The GKNQL-355-10-20 Ultraviolet Laser setup depicted in figure 3.3-1 is a Diode-

Pumped Solid-State (DPSS) laser. DPSS lasers are known for their stability, high 
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efficiency, and ability to produce a 6ghtly focused beam at ultraviolet wavelengths. It 

is engineered to perform nano-scale hole marking experiments on substrates, 

including flat glass slides and the curved surfaces of op6cal fibers. The laser operates 

at a wavelength of 355 nm and is configured to pulse dura6on of 100 ns & repe66on 

rate of 50 kHz to achieve op6mal results during experimenta6on. The system’s op6cs 

are designed with a focal length of 290 mm, producing a beam size of approximately 

50 µm, ideal for micro-scale applica6ons. This system is equipped with a manual Z-

stage, which allows for precise adjustment of the substrate's posi6on with a fine 

resolu6on of 0.5 µm. 

 

 

Figure 3.3-1 UV nanosecond laser system photograph with annotated informa6on (a) 

Outside and (b) Inside the enclosure. 

 

The figure below plots a graphical representa6on of the output power as a func6on of 

Q-pulse dura6on, demonstra6ng a clear rela6onship between pulse dura6on and laser 

power. Prior to conduc6ng experiments, the power output was systema6cally 

measured, showing a decrease from approximately 9 wa?s at the shortest pulse 

dura6on of 1.0 µs down to lower than 1 wa? at 20.0 µs. This data is crucial for 

calibra6ng the laser parameters to ensure accuracy and consistency in the 
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experimental results. 

 

 

Figure 3.3-2 Plot of average power output versus Q-pulse dura6on at a 50 kHz 

repe66on rate. 

 

3.3.2  Picosecond SuperNANO imaging & paDerning laser system 

The Thorlabs picosecond microchip lasers are Q-switched devices opera6ng at 

wavelengths of 1030 nm with pulse dura6ons around 500 ps. This laser uses a 

microchip design with a fiber-coupled pump laser to produce picosecond pulses, 

where the Q-switching is achieved through gain switching[120]. The key specifica6ons 

of the picosecond laser system is given in the table 3.3-1. 

 

Centre Wavelength 1030 nm ± 1 nm 

Average Output Power 350 - 450 mW 

Repe''on Rate 8 - 10 kHz 

Pulse Energy (Typical) 35 - 50 µJ 

Output Peak Power >65 kW 
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Pulse Dura'on 500 ps ± 100 ps 

Ellip'city >0.94 

Table 3.3-1 Key specifica6ons of QSL103A Q-Switched Picosecond Microchip Laser 

System. 

 

The figure below provides a detailed view of this system, which includes the laser head, 

the controller, and the connec6ng cable. This setup highlights the integral 

components of the system that work synergis6cally to deliver precise and controlled 

laser pulses at the picosecond scale. 

 

 

Figure 3.3-3 QSL103A Q-Switched Picosecond Microchip Laser System with laser head, 

controller and cable. 

 

A unique super-resolu6on instrument, SuperNANO, is designed with dual func6ons: 

super-resolu6on imaging and fabrica6on. This innova6ve tool enables simultaneous 

label-free super-resolu6on imaging and direct laser nanofabrica6on for the first 6me. 

The detailed designing informa6on will be introduced in chapter 6. 
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Figure 3.3-4 Overview photograph SuperNANO imaging & pa?erning laser system. 

 

3.3.3  Supercon1nuum white light laser system & Op1cal Spectrum 

Analyzer 

The SUPERK COMPACT Supercon6nuum white light laser system, designed by NKT 

Photonics and depicted in the figure 3.3-5, provides a high-performance solu6on for 

various applica6ons including spectroscopy and general laboratory use. It produces 

light using a nonlinear op6cal process called supercon6nuum genera6on. This 

process occurs when intense laser pulses interact with an op6cal fiber, triggering 

nonlinear effects that transform the ini6al narrowband laser light into a con6nuous 

spectrum. As a result, the system emits white light spanning a broad wavelength 

range from 450 nm to 2400 nm[121]. This system is used as a light source for fiber 

gra6ng experiments, making it a valuable tool in both research and prac6cal 

applica6ons. 
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Figure 3.3-5 SuperK COMPACT Supercon6nuum white light laser system with SuperK 

spli?er and fiber delivery. 

 

 

Figure 3.3-6 SuperK COMPACT Supercon6nuum white light laser output spectrum. 
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The system's ability to deliver diffrac6on-limited light across a wide spectral range 

from 450 nm to 2400 nm makes it ideal for capturing detailed spectral informa6on 

given in figure 3.3-6, which is crucial in fiber op6c research and development. Its high 

brightness, significantly more intense than tradi6onal light sources like incandescent 

lamps, provides the necessary illumina6on to explore the intricate proper6es of fiber 

gra6ngs. Moreover, the system's variable repe66on rate and excellent power 

stability ensure consistent performance, cri6cal for experiments that require precise 

control over light intensity and wavelength. 

The Anritsu MS9740B Op6cal Spectrum Analyzer, as referenced in figure 3.3-7, is a 

sophis6cated benchtop device crucial for the analysis of transmission and reflec6on 

spectra in FBG and LPG experiments. This model is par6cularly valued for its broad 

wavelength range of 600 nm to 1750 nm and its high-resolu6on capabili6es, which 

enable detailed spectral analysis crucial in fiber op6c research. Key features of the 

MS9740B include a dynamic range from 42 to 70 dB and a fast measurement 

processing 6me, capable of comple6ng sweeps in less than 0.35 seconds for a 30 nm 

wavelength span. The analyzer's high sensi6vity (down to -90 dBm) and the ability to 

perform accurate side mode suppression ra6o (SMSR) measurements of 45 dB or 

more make it ideal for evalua6ng complex op6cal components and systems. 

 

 

Figure 3.3-7 Photograph of Anritsu MS9740B Op6cal Spectrum Analyzer. 
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3.4  Characteriza5on equipment 

In this project, a comprehensive suite of characteriza6on equipment has been 

employed to carefully analyze the surfaces of various samples. It includes both op6cal 

and confocal microscopes, which are essen6al for detailed visual inspec6on and for 

capturing high-resolu6on images at different depths. Raman spectroscopy is another 

pivotal tool, providing insights into molecular structures through its ability to iden6fy 

vibra6onal, rota6onal, and other low-frequency modes in a system. Addi6onally, 

Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) have been 

u6lized to obtain nanoscale images and proper6es of surfaces, which is important for 

understanding topographical details that are not discernible by other microscopic 

techniques. These diverse technologies together ensure a holis6c approach to 

material characteriza6on in our project, allowing for a thorough explora6on of both 

structural and chemical proper6es. 

 

3.4.1  Op1cal microscope 

 

Figure 3.4-1 Olympus DSX1000 Digital Microscope. 
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The DSX1000 Digital Microscope from Olympus, when used with the DSX10-XLOB40X 

objec6ve lens, is designed for detailed characteriza6on across various applica6ons. 

Key specifica6ons include a high-resolu6on telecentric op6cal system, motorized 

zoom, and automa6c calibra6on. The microscope achieves up to 9637X magnifica6on 

on a 27-inch monitor with precise XY accuracy guaranteed aoer calibra6on. It features 

a color CMOS camera with a resolu6on range up to 5760 × 3600 pixels, LED 

illumina6on, and versa6le observa6on methods including brighSield, darkfield, and 

polariza6on. 

 

3.4.2  Confocal microscope 

 

Figure 3.4-2 Olympus LEXT™ OLS5100 3D Laser Scanning Confocal Microscope. 

 

The Olympus LEXT™ OLS5100 3D Laser Scanning Confocal Microscope is a 

sophis6cated device tailored for precise material analysis and failure analysis. It 

features high-resolu6on magnifica6on ranging from 5x to 100x and employs a 

reflec6on-type confocal laser scanning system. Specifica6ons of the op6cal lenses is 

given in table 3.4-1. This microscope is equipped with a photomul6plier and a CMOS 

color camera, offering a dynamic range of 16 bits and a display resolu6on down to 0.5 

nm for height measurements. It guarantees measurement accuracy tailored to a 
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constant environment and includes a motorized XY stage that varies in size based on 

the model, suppor6ng comprehensive sample analysis. 

 

Magnifica6on Numerical Aperture Focal Distance (mm) 

5x 0.15 20.00 

10x 0.30 10.40 

20x 0.60 1.00 

50x 0.95 0.35 

100x 0.95 0.35 

Table 3.4-1 Specifica6ons of op6cal lenses for Olympus LEXT™ OLS5100 3D Laser 

Scanning Confocal Microscope. 

 

3.4.3  AFM – Atomic Force Microscopy 

 

Figure 3.4-3 Photograph of Veeco Dimension 3100 AFM. 
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The Veeco Dimension 3100 AFM offers various scanning modes including contact, 

tapping, phase imaging, Electrosta6c Force Microscopy (EFM), Magne6c Force 

Microscopy (MFM), and Conduc6ve AFM (CAFM). The microscope features sub-

nanometer resolu6on achieved through 16-bit digital-to-analog conversion, and it 

supports a motorized X-Y stage with a 100 mm by 120 mm inspectable area and 2 µm 

linear posi6oning resolu6on. It can accommodate samples up to 200 mm in diameter 

and 12 mm thick, with an op6cal field of view ranging from 150 to 675 microns. The 

Dimension 3100 operates with less than 0.5 Å RMS noise in the ver6cal dimension 

using a vibra6on isola6on system, ensuring high precision. Addi6onally, it has a peak 

power consump6on of 1800 W, compa6ble with various voltage standards (100, 120, 

or 220-240 V) and frequencies (50 or 60 Hz). 

 

3.4.4  SEM – Scanning Electron Microscopy 

 

Figure 3.4-4 Hitachi Tabletop Microscopes TM4000Plus II. 

 

The Hitachi TM4000Plus offers photographic magnifica6ons ranging from 10x to 

100,000x and monitor display magnifica6ons up to 250,000x. The microscope 

supports mul6ple accelera6ng voltages (5 kV, 10 kV, 15 kV, and 20 kV) for versa6le 
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imaging. It features a dedicated low vacuum secondary electron (SE) detector and a 

high-sensi6vity 4-segment backsca?er electron (BSE) detector, enabling detailed 

imaging of both conduc6ve and non-conduc6ve samples. The TM4000Plus II 

supports various vacuum modes, including conductor, standard, and charge 

reduc6on. It can handle samples up to 80 mm in diameter and 50 mm in thickness, 

with an X-Y stage travel of 40 mm by 35 mm. Enhanced features include the Mul6 

Zigzag func6on for s6tching high-magnifica6on images, an op6onal STEM holder for 

transmission imaging, and advanced sooware for easy report crea6on and elemental 

analysis. 

 

3.5  Coa5ng equipment 

 

3.5.1  Spin Coater 

 

Figure 3.5-1 Photograph of Schwan EZ4 Spin Coater. 
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The Schwan EZ4 Spin Coater from Lebo Science stands out as an advanced tool 

engineered for precise thin film applica6ons. This coater is adept at controlling film 

thickness and uniformity with an adjustable spin speed that can be varied from 500 

to 8000 RPM. Users can fine-tune the spin dura6on as well, with the ability to 

program 6mes anywhere from 1 to 999 seconds in one-second increments. Designed 

to accommodate substrates as large as 150mm in diameter, the device incorporates 

a vacuum chuck that ensures substrates remain securely fixed during the spin-

coa6ng process. Enhancing usability, the Schwan EZ4 features a digital display that 

provides real-6me feedback on spin parameters, making it easier for users to monitor 

and adjust sebngs as needed. The user-friendly control panel simplifies opera6on, 

allowing for straighSorward adjustments and customiza6on of the spin-coa6ng 

parameters. Its compact footprint is ideal for use in space-constrained laboratory 

sebngs, maximizing workspace efficiency without compromising performance. The 

device is integral to the USO fabrica6on experiment, where it applies UV glue onto 

plano-convex lens. 

 

3.5.2  Dip Coater 

 

Figure 3.5-2 Photograph of Ossila Dip Coater. 
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The Ossila Dip Coater is designed for the deposi6on of thin wet films through a 

controlled process of dipping and withdrawing substrates from a solu6on. This 

precision instrument is par6cularly suited for research and development 

environments, enabling uniform film coa6ngs on a variety of substrates. Key features 

of the Ossila Dip Coater include a high-precision motor that allows for finely 

controlled immersion and withdrawal speeds, from 0.01 mm/s to 50 mm/s, to 

achieve different film thicknesses and proper6es. The system supports a maximum 

travel distance of 100 mm and can handle substrates up to 100 mm in length. The 

coater is equipped with integrated sooware that enhances its func6onality by 

allowing manual or automa6c opera6ons and supports up to 20 savable 

programmable rou6nes for easy repeatability without resebng parameters each 

6me. Safety features include a crash detec6on switch that stops the motor if it 

encounters an obstruc6on, ensuring the protec6on of both the substrates and the 

equipment. The dip coater also features adjustable clamp pressure to accommodate 

both delicate and robust substrates and has a wide base that can accommodate 

beakers up to 2 liters. The device is used in deposi6on experiment of microsphere 

monolayers on op6cal fibers, facilita6ng the coa6ng of microspheres. 
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Chapter 4. 

Conven1onal Direct Laser Manufacturing 
& Superlens-enabled Marking 

 

4.1  Introduc5on 

This chapter explores the fron6er of laser manufacturing technologies, tracing the 

journey from conven6onal applica6ons like laser-induced graphene and 

micromanufacturing of FZPs to advanced an6-counterfei6ng measures using 

superlens-enabled marking. These technologies exemplify the progression and 

innova6on within the field of laser applica6ons, pushing the boundaries of precision, 

efficiency, and security in manufacturing. 

First, the realm of UV laser-induced nitrogen and sulfur-doped graphene is 

introduced. This method leverages the specificity of laser energy to create graphene 

directly on substrates without the need for tradi6onal metal catalysts. This sec6on 

will detail the process parameters and material interac6ons that enable the 

forma6on of high-quality graphene layers. 

Next, the microfabrica6on of FZPs is discussed, which is cri6cal in the miniaturiza6on 

of op6cal devices for lab-on-chip applica6ons. The intricacies of using laser direct 

wri6ng to achieve micron-scale precision in crea6ng these zone plates underscore 

the poten6al of laser technology in enhancing the capabili6es of compact electronic 

and photonic devices. The challenges and innova6ons of the process, par6cularly in 

addressing issues of material removal and maintaining design fidelity, are examined. 

Finally, this chapter showcases a two-level security approach that significantly 

enhances the difficulty of replica6ng marked items by incorpora6ng superlens 

systems into the laser marking process. The use of DotCode technology, integrated 

with nanoscale features, introduces a robust barrier to counterfeit ac6vi6es, 
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ensuring the authen6city and traceability of products in various industries. 

Throughout the chapter, a series of case studies and experimental setups illustrate 

the prac6cal applica6ons of these technologies, as well as their implica6ons for 

future developments in materials science, manufacturing, and product security. Each 

sec6on not only demonstrates technical exper6se and innova6ve approaches but 

also aligns with broader trends in sustainability and cost-efficiency. 

 

4.2  UV laser-induced N & S-Doped graphene manufacturing 

technology 

Laser direct wri6ng can treat materials with minimal thermal damage to substrates, 

offering precise control over laser energy, beam-material interac6on 6me, and heat 

penetra6on depths[122]. Tradi6onally, laser irradia6on has been considered a 

thermal reac6on source for chemical vapor deposi6on (CVD), commonly used for 

large-area graphene growth. The number of graphene layers produced could be 

controlled by adjus6ng the pulsed or con6nuous wave laser and the laser scanning 

speeds. These processes typically required metallic precursors such as Cu and Ni. 

Research from Rice University demonstrated that con6nuous 10.6 μm wavelength 

CO2 laser infrared irradia6on could thermally convert polyimide (PI) and 

polyetherimide (PEI) solid sheets into graphene without using Cu or Ni[43]. In this 

sec6on, a laser direct wri6ng technique to form graphene pa?erns on 

polybenzimidazole (PBI) thin film and glass substrates using a low-cost nanosecond 

UV laser system is reported. This method avoids thermal damage to the substrates 

and does not require a metallic precursor. The UV laser beam induces photochemical 

reac6ons that break specific molecular bonds to form graphene on the substrate 

without causing substrate damage[6]. Unlike in Ref. [6], which uses a picosecond UV 

laser, in this work, we employ a lower-cost nanosecond UV laser. 
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Figure 4.2-1 Photograph of (a) 26% polybenzimidazole(PBI), (b) 13% PBI solution. 

 

As methodology, start by dissolving 26% polybenzimidazole (PBI) (Fig. 4.2-1a) in 

dimethylacetamide (DMAC) to produce a 13% PBI solu6on (Fig. 4.2-1b). This mixture 

should be s6rred con6nuously for 1 hour at a temperature of 30°C un6l the PBI is 

completely dissolved as figure 2a. Once the solu6on is prepared, set the micropipe?e 

coater (Fig. 4.2-2) to apply a uniform coa6ng with a thickness of 15 μm on each side. 

 

 

Figure 4.2-2 Photograph of micropipe?e coater set as 15 μm on each side. 
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Next, as shown in figure 4.2-3, use the micropipe?e with a specified diameter to 

selec6vely deposit 0.02 mL droplets of the PBI ink onto a glass sheet that is 1 mm 

thick. This deposi6on should be carried out carefully to ensure even coverage. Aoer 

the PBI ink has been applied, dry the coated glass sheet at 80°C un6l the coa6ng is 

fully set.  

 

 

Figure 4.2-3 Schema6c of the graphene produc6on process induced by nanosecond 

UV laser direct wri6ng. 

 

Following the drying process, employ a nanosecond UV laser with a wavelength of 

355 nm, a pulse dura6on of 100 ns, and a frequency of 50 kHz to treat the PBI-coated 

glass sheet. The laser should be scanned across the surface at a speed of 20 mm/s. 

The goal is to induce the forma6on of flaky silver-black graphene on the PBI sheets. 

This transforma6on occurs under a specific laser power and is influenced by the 

thermal effects and Q factor, which should be maintained between 16.0 and 17.0. 

The processing area for the laser should be 10 mm wide, with a hatch pa?ern created 

by lines spaced 0.01 mm apart. This precise control of the laser parameters and 

scanning process ensures the successful conversion of the PBI coa6ng into graphene, 

characterized by its unique flaky silver-black appearance. 

Figure 4.2-4a displays a sample of UV laser direct wri6ng on PBI film, with the Q factor 
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ranging from 16.0 to 17.0 in increments of 0.2. A Q factor around 16.4 yields the best 

performance, with an induced graphene sample exhibi6ng a resistance of 

approximately 50Ω over a distance of 2 mm. The laser fluence was gradually 

increased from 9 to 11 mJ/cm² in response to changes in the Q factor on the PBI-

coated substrate. A 10 × 2.5 mm rectangular hatch pa?ern with a hatch spacing of 

0.01 mm was applied at a scanning speed of 20 mm/s. This hatch design, shown in 

the inset of figure 4.2-4a, was used consistently for all laser-wri?en pa?erns in the 

experiment. Figure 4.2-4b shows the 2D Raman spectrum mapping of the UV laser-

induced graphene from the PBI thin film. The degree of carbon crystalliza6on is 

illustrated by the ra6o I(D)/I(G) of the D peak (1350 cm⁻¹) to the G peak (1590 cm⁻¹) 

in the Raman spectrum. A higher D peak indicates a higher defect ra6o. The presence 

of the 2D peak (2700 cm⁻¹) confirms the forma6on of graphene. 

 

 

Figure 4.2-4 (a) UV laser-induced graphene sample on the PBI sheet under different 

Q factor. The same rectangular laser hatch pa?ern (inset) was applied across all test 

condi6ons. (b) 2D Raman spectrum of sample under Q = 16.4. 

 

4.3  2D Fresnel lens fabrica5on by laser direct wri5ng 

Lab-on-chip devices are becoming increasingly important in the field of modern 



 98 

electronics and photonics, par6cularly in the fabrica6on of micro-devices. These 

tradi6onal micro-devices frequently encounter problems related to their complex 

manufacturing processes and the high costs involved. To address these challenges, 

the use of thin film FZP lenses presents a promising solu6on. These lenses are 

characterized by their micron-scale focal lengths, making them highly compa6ble 

with the compact scale and integrated nature of lab-on-chip technologies. The 

process of microfabrica6ng FZP lenses involves laser direct wri6ng on thin films. 

While this technique is technically feasible, it ooen results in the removal of excess 

material, which can lead to significant discrepancies between the device's theore6cal 

design and its actual physical representa6on[8]. Although u6lizing high-resolu6on 

laser systems, such as femtosecond lasers, can improve the accuracy of these 

fabrica6ons, the cost associated with these systems is prohibi6vely high for many 

applica6ons. 

In response to these challenges, this sec6on describes a novel method that offers a 

low-cost, straighSorward, and rapid alterna6ve for the design and fabrica6on of 

micro-compensated FZP lenses. This method leverages widely available laser systems 

and incorporates a custom-designed sooware program specifically tailored to 

compensate for the common problem of excess material removal during the laser 

wri6ng process on thin films. The proposed approach not only reduces the financial 

burden but also simplifies the manufacturing process, making advanced 

microfabrica6on techniques more accessible and prac6cal for a wider range of 

applica6ons in the electronics and photonics industries. 

 

4.3.1  Design of micro compensate FZP on thin film 

The schema6c illustra6on provided in figure 4.3-1 outlines the process for designing 

and fabrica6ng compensated FZPs using laser direct wri6ng on a thin film. In this 

setup, design parameters are programmed into a system that controls a Galvo 

scanner which, in turn, directs an infrared laser to etch the thin film substrate. The 
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specific characteris6cs of the laser include a wavelength of 1064 nm, a pulse dura6on 

of 100 nanoseconds, and a repe66on rate of 20 kHz. This configura6on allows the 

laser to achieve a linewidth stability ranging from 1 to 3 microns during rapid etching 

processes. 

 

 

Figure 4.3-1 Schema6c for the process of microfabrica6ng FZPs through laser direct 

wri6ng on thin films with designed compensate program. 

 

The design specifica6ons for the micro compensate FZPs include a focal length (F) of 

1 mm and an incidence wavelength (λ) of 640 nm. These FZPs are tailored with two 

different types of zone numbers to enhance their performance: 14 zones for the even 

type and 15 zones for the odd type. The radii of the FZP zones are calculated based 

on equa6on 3.2-2. This equa6on is crucial as it directly influences the precision and 

efficiency of the FZP lenses by determining the op6mal zone radii needed to focus 

light accurately at the specified focal length and wavelength. 

Figure 4.3-2b illustrates the method for designing FZP with adjusted widths to 

compensate for material removal during fabrica6on. Taking the second transmission 
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zone of the even-type FZP as highlighted in figure 4.3-2a, the ideal zone width is 

designed to be 10.5 μm. During the laser etching process on thin films, each edge of 

a zone typically undergoes excess material removal of approximately 1.5 μm due to 

the nature of the laser-material interac6on. This results in an actual etched width of 

13.5 μm for a designed zone width of 10.5 μm. To compensate for this, all zone 

widths were reduced by 3 μm in the design, so that aoer fabrica6on, the actual 

dimensions align with the target specifica6on. This approach was applied uniformly, 

and verifica6on confirmed that zones 2, 4, 6, 8, 12, and 14 matched the intended 

dimensions post-compensa6on. Through this approach, even low-cost laser systems 

can achieve high precision in producing micro-scale FZPs on thin films. The strategy 

effec6vely mi6gates the issues of over-etching, thus preserving the op6cal integrity 

and func6onal accuracy of the FZPs within lab-on-chip devices. 

 

 

Figure 4.3-2 (a) A FZP with 14 zones. (b) The compensa6on strategy used in the 

design and fabrica6on of the FZP to address material removal during the laser etching 

process. The diagrams compare the original design, laser-fabricated results without 

compensa6on, the compensated design, and the laser fabricated results with 

compensa6on. 

 

4.3.2  FZP fabrica1on and focusing performance 
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Figure 4.3-3 presents the results of quality tests performed on FZPs fabricated on 

aluminum-coated microscope slides (100 nm aluminum on AL.1000.ALSI, Platypus 

Technologies, USA[123]). The test focused on verifying the accuracy of the radii in 

the ini6al transmission zones for both even and odd FZP types. It display microscope 

measurements of the first zone radius in both FZP types. These measurements 

closely match the theore6cal expected value of 50.600 μm, with the actual measured 

values being 50.608 μm and 50.612 μm, respec6vely, indica6ng a minimal devia6on 

from the expected dimensions. This high level of accuracy demonstrates the 

effec6veness of the laser etching process used in the fabrica6on of these micro-

op6cal devices. The linewidth of the laser etching plays a crucial role in defining the 

size and accuracy of the FZP, with the precision maintained as long as the etching 

linewidth remains narrower than the width of the outermost zone. This ensures that 

the focusing capabili6es of the FZPs are op6mized for applica6ons requiring precise 

op6cal manipula6on. 

 

 

Figure 4.3-3 Even (a) & odd (b) FZPs fabricated on aluminum thin films, showing the 

precision in the first zone radius measurements of 50.608 & 50.612 μm, respec6vely. 

 

The focusing tests were conducted at the lens surface (zero focal distance) using a 
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CCD camera and a 640 nm wavelength laser source. Results are shown in figures 4.3-

4a and 4.3-4d, demonstra6ng the beam concentra6on and symmetry at the focal 

region. In these tests, the light was successfully transmi?ed through the red zones 

while being blocked by the black zones. The precision in controlling and elimina6ng 

excess material removal allowed for an impressive zone width accuracy of 99.3%. 

The experiments demonstrated that, although lower energy levels and slower 

etching speeds can significantly enhance the accuracy of zone width, they also 

extend the processing 6me. However, the areas compensated for excess material 

removal exhibited the same transmission efficiency as those directly etched, 

maintaining the accuracy of the focal length and balancing manufacturing costs with 

improved efficiency. 

 

 

Figure 4.3-4 Even type focusing test at (a) surface, (b) focal length (beam profile). (c) 

FWHM of focus at focal length. Odd type focusing test at (d) surface, (e) focal length 

(beam profile). (f) FWHM of focus at focal length. 
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When the focal distance was increased to the designed focal length (F = 1000 μm), 

figure 4.3-4b & 4.3-4e captured the op6mal focusing effects of these two lenses. 

Notably, the odd-type lens displayed more uniform performance at the central focus 

compared to the even-type. The measurement results of the Full Width at Half 

Maximum (FWHM) from figure 4.3-4c & 4.3-4f reveal that the odd-type lens has a 

slightly larger FWHM value of 6.75 μm compared to the even-type's 6.55 μm, a 

difference of less than 3%. This discrepancy diminishes as the number of zones 

increases, affirming that a higher number of zones leads to improved focusing effects 

in FZP designs. Moreover, FZP designs without compensa6on, under the same tes6ng 

condi6ons, resulted in significant errors, underscoring the effec6veness and 

feasibility of the compensa6on method used in these tests. 

The images in figure 4.3-5 illustrate the results of uniformity tests conducted at 

various focal distances ranging from 100 to 1200 μm, u6lizing a CCD camera and a 

laser with a 640 nm incidence wavelength. These tests demonstrate the focusing 

capabili6es of the FZP under different focal distance condi6ons. Among these, only 

the image in figure 4.3-5c, taken at a focal distance of 500 μm, shows a discernible 

focused spot, which corresponds to the secondary focal point of the FZP. In contrast, 

the primary focus, which is clearly depicted in figures 4.3-4b & 4.3-4e at a focal 

distance of 1000 μm, displays a more prominent and well-defined focus. The absence 

of a focusing effect at other tested distances reinforces the precision required in 

sebng the focal length to achieve op6mal imaging results. This dis6nc6on highlights 

the specific focal proper6es of the FZP, where effec6ve focusing is achieved only at 

certain predefined distances. 

 



 104 

 

Figure 4.3-5 Focusing test at (a) 100 μm, (b) 300 μm, (c) 500 μm, (d) 700 μm, (e) 900 

μm, (f) 1200 μm. 

 

A comprehensive analysis of the focusing performance for an even-type micro-

compensated FZP at a focal distance of 1000 μm is shown in figure 4.3-6. The 

horizontal and ver6cal focusing intensity distribu6ons are characterized by a 

prominent peak at the center, surrounded by smaller peaks, graphically 

demonstra6ng how light is concentrated across the pixel numbers. The 3D 
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visualiza6on of the focusing intensity distribu6on provides a spa6al view of how the 

light converges at the focal point, showing intensity varia6ons both horizontally and 

ver6cally. The focusing point contour map outlines the intensity contours around the 

focal point, with denser contours near the center indica6ng higher intensity that 

spreads outward with decreasing intensity. These panels effec6vely illustrate the 

precision of the FZP's focusing capability, highligh6ng its effec6veness in 

manipula6ng light at the specified focal distance. 

 

 

Figure 4.3-6 Focusing performance analysis for even type micro compensate FZP at 

focal distance D = F = 1000 μm by (a) Horizontal distribu6on, (b) Ver6cal distribu6on, 

(c) 3D distribu6on, (d) Focusing point contour. 
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4.4  Superlens-enabled laser direct marking 

Laser marking is widely used as an effec6ve tool in an6-counterfei6ng 

applica6ons[124]. Compared to ink-based marking, laser-marked pa?erns are 

difficult to rub off, making them an ideal solu6on for traceability and an6-

counterfei6ng purposes. Laser marking creates a permanent and indelible mark[125]. 

However, with the rapid growth of laser technology, par6cularly fiber laser 

technology, the prices of conven6onal-lens-based laser marking systems have 

considerably dropped in recent years, leading to an increase in counterfei6ng 

ac6vi6es. Consequently, new innova6ons are needed to enhance the security level 

of markings and prevent counterfeiters with laser marking systems from copying or 

reproducing marks. To address this, a novel two-level security marking approach has 

been proposed: firstly, encoding the text to be marked into a DotCode; secondly, 

adding nanoscale features to the dots with the assistance of a superlens. These 

nanoscale features enhance the security of the marking, providing an effec6ve an6-

counterfei6ng solu6on to protect authen6c products. 

 

4.4.1  Microsphere monolayer substrate prepara1on 

The deposi6on process of spherical par6cles is carefully designed, leveraging the 

natural proper6es of water, especially its high surface tension, which ranks among 

the highest for liquids, similar to mercury. The process begins by submerging the 

substrate in water. Spherical par6cles are then introduced into suspension above the 

water, allowing them to deposit and self-assemble at the water/air interface within 

a confined area. This is facilitated by the unique characteris6cs of water which 

supports the par6cles and enables their organiza6on into a precise monolayer. 

As shown in the series of illustra6ons (Fig. 4.4-1a to 4.4-1d), the ini6al step involves 

dispersing 1 μm silica microspheres in methanol, which are then deposited onto the 

water surface (Fig. 4.4-1a). The microspheres spread across the water’s surface, 
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aligning according to the spread direc6on (Fig. 4.4-1b). This alignment is crucial as it 

ensures uniform arrangement of the par6cles. Following this, the substrate is gently 

6lted (Fig. 4.4-1c), ini6a6ng the gradual drainage of water. This ac6on delicately 

transfers the microspheres from the water/air interface down onto the substrate, 

maintaining the integrity of the monolayer forma6on. Finally, the posi6oned 

par6cles on the substrate are subjected to UV laser marking (Fig. 4.4-1d).  

 

 

Figure 4.4-1 (a) – (d) Illustra6on of the prepara6on of silica monolayer. 

 

The image provided exemplifies the successful applica6on of the experimental setup 

described in figure 4.4-2, illustra6ng a large-area monolayer of microsphere arrays 

deposited on a glass substrate. This monolayer showcases a densely packed 

arrangement of microspheres, each approximately 1 µm in diameter, highligh6ng the 

effec6veness of the technique in achieving high-resolu6on, uniform surface coverage. 

The laser selec6vely interacts with the microspheres, engraving detailed, durable 

markings without disrup6ng the underlying substrate or the configura6on of the 

microspheres. This method not only ensures high precision in par6cle deposi6on but 



 108 

also contributes significantly to applica6ons requiring precise pa?erns such as in 

advanced manufacturing and microfabrica6on technologies. 

 

 

Figure 4.4-2 Confocal micro-image of prepared silica monolayer. 

 

4.4.2  Superlens-assisted DotCode marking 

Figure 4.4-3 delineates the progressive evolu6on of marking technology from basic 

laser text marking to more advanced micro and nano DotCode systems, facilitated 

by superlens technology. Ini6ally, the process begins with standard text marking, 

such as the word "Bangor," using conven6onal-lens-based laser techniques that 

provide the first level of security. This is then transformed into a more secure Micro 

DotCode format, which consists of a series of black dots arranged to form a specific 

pa?ern. These dots are larger and visible to the naked eye. The security level is 

further enhanced as the Micro DotCode transi6ons into a Nano Two-level DotCode, 

where each dot comprises mul6ple smaller dots arranged in a dis6nc6ve pa?ern. 
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Figure 4.4-3 Conven6onal-lens-based laser text to micro DotCode and to nano 

DotCode marking by superlens. 

 

This advanced technique not only raises the security bar against counterfei6ng but 

also meets the demand for low-cost solu6ons in security marking technologies. By 

employing a superlens-assisted marking technique, it is possible to intricately and 

efficiently mark materials at a microscopic level, thereby providing a robust an6-

counterfei6ng measure that integrates seamlessly into exis6ng produc6on processes. 

This approach is par6cularly advantageous for industries requiring high levels of 

authen6city and traceability, offering a scalable and effec6ve solu6on to safeguard 

products against illicit replica6on. 

The detailed experimental setup designed to create a large-area monolayer of 

microsphere arrays on a glass substrate using advanced laser marking technology is 

shown in figure 4.4-4. The core component of this setup is a 355 nm UV laser, which 

operates at a repe66on rate of 50 kHz, enabling precise and efficient marking. This 

UV laser beam is directed through a series of op6cal components to enhance its 

accuracy and focus. The laser beam first encounters a galvo-scanner, which is 

instrumental in dynamically steering the laser beam across the target surface. The 

galvo-scanner's ability to rapidly adjust the beam's posi6on allows for quick and 

precise pa?erning over large areas, essen6al for crea6ng uniform microsphere 

monolayers. Aoer the galvo-scanner, the laser beam is further refined as it passes 

through a F-theta field lens with field size 110 mm * 110 mm. This lens focuses the 

UV laser light precisely onto the microsphere monolayer that is evenly distributed on 
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the glass substrate beneath. 

 

 

Figure 4.4-4 Schema6c of the experimental setup with UV nanosecond laser source 

to process a large-area monolayer of microsphere arrays on a glass surface sample. 

 

This setup is crucial for the deposi6on process as it ensures that the UV laser can 

interact accurately with the microsphere monolayer, engraving or altering the 

microspheres at a microscopic level to achieve desired pa?erns or features. The 

configura6on of the UV laser, coupled with the galvo-scanner and focusing lens, 

forms an integral part of a superlens-assisted marking technique that not only meets 

the demand for low-cost solu6ons but also offers high precision and scalability in 

microsphere array produc6on. 

The images shown in figure 4.4-5 illustrate the results of a precision laser marking 

process applied to a sample, where "Bangor University" was encoded using a 

DotCode pa?ern. This marking was achieved using a par6cle superlens, with the laser 

energy set to 1.796 W as measured by the power meter (see Figure 3.3.2). Given that 
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the repe66on rate and spot size of the UV laser system are 50 kHz and 50 µm, 

respec6vely, the fluence was calculated to be 1.83 J/cm². In figure 4.4-5a, the image 

depicts the overall pa?ern of the DotCode, characterized by a high contrast between 

the areas processed by the laser (appearing in black) and the unprocessed areas (in 

gray), demonstra6ng a sharp and clear delinea6on of the encoded data. The scale 

marked on the image indicates that the field of view spans 5 micrometers, providing 

a macroscopic perspec6ve of the pa?erning. Zooming into a detailed sec6on of this 

pa?ern, figure 4.4-5b provides an atomic force microscopy (AFM) image with a 

significantly enhanced resolu6on. Here, individual laser-processed spots are shown 

to contain clusters of nanoholes, each approximately 180 nm in size. These 

nanoholes were formed by the focused effect of the par6cle superlens, which likely 

facilitated the precision and miniaturiza6on of the features within the DotCode. The 

scale here shows a more focused view at 500 nanometers, highligh6ng the 

microscopic level of detail achieved in the laser marking process.  

Figures 4.4-5c and 4.4-5d from the study present the varia6ons in the dimensions of 

nanoholes created by varying laser fluences, ranging from 1.42 to 1.83 J/cm². These 

graphs summarize the measured changes in both the width and depth of the 

nanoholes as influenced by different energy levels. In figure 4.4-5c, the graph 

illustrates the changes in the width of the nanoholes, measured at Full Width at Half 

Maximum (FWHM). The data points show a rela6vely steady width at lower fluences, 

but as the fluence approaches 1.8 J/cm², there is a no6ceable increase in width, 

climbing sharply from around 160 nm to nearly 180 nm. The error bars associated 

with each data point suggest a variability in the measurements, es6mated between 

10 to 20 nm, which might be a?ributed to factors such as laser stability or material 

inconsistencies. The depth of the nanoholes under the same condi6ons is shown in 

figure 4.4-5d. This graph depicts a more consistent upward trend as the laser fluence 

increases. Star6ng from approximately 140 nm at the lowest fluence, the depth 

steadily increases, reaching about 180 nm at the highest fluence. The error bars here 

also indicate a varia6on in the depth measurements, which, although consistent 
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across the fluence range, show a similar variability as observed in the width 

measurements. 

 

 

Figure 4.4-5 DotCode ‘Bangor University’ superlens nano marking by UV laser. (a) 

Microscope, (b) AFM image marking at 1.83 J/cm2 laser fluence. (c) Width of 

nanoholes at FWHM. (d) Depth of the nanoholes. 

 

These observa6ons collec6vely highlight a direct rela6onship between the laser 

fluence and the dimensional proper6es of the nanoholes. The increase in both width 

and depth with higher fluences can be a?ributed to the greater energy input from 

the laser, which likely causes more extensive material abla6on or mel6ng, thereby 

enlarging the holes. This data is crucial for op6mizing laser processing parameters in 

applica6ons requiring precise control over micro and nano-scale features. 
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4.5  Chapter summary 

This chapter explores advanced laser direct wri6ng techniques, showcasing strides in 

material science and op6cal engineering. A low-cost, nanosecond UV laser method 

is introduced for crea6ng graphene pa?erns on PBI thin films and glass substrates, 

avoiding thermal damage and the need for metallic precursors, and producing 

graphene as confirmed by Raman spectroscopy. This scalable, cost-effec6ve 

approach enhances graphene produc6on. Addi6onally, a straighSorward and rapid 

method for designing and fabrica6ng high-accuracy micro FZPs on thin films 

compensates for excess material removal, ensuring the precise replica6on of design 

parameters and achieving excellent focusing effects with both even and odd types of 

FZP lenses. The correla6on between theore6cal expecta6ons and measured focal 

lengths and focus widths highlights this method’s poten6al for cost-effec6ve op6cal 

component microfabrica6on. Finally, a novel laser-based an6-counterfei6ng 

technology u6lizing a par6cle superlens creates subwavelength nanoscale holes, 

enhancing security beyond tradi6onal laser marking methods. Using 1 μm silica 

microspheres and a 355 nm UV laser, this technique adds a robust layer of protec6on 

to the DotCode scheme. 

These innova6ons highlight the versa6lity and precision of conven6onal-lens-based 

laser manufacturing technologies, addressing emerging needs in microfabrica6on 

and security while adhering to broader trends in cost-efficiency and scalability. 

Addi6onally, they establish a founda6on for further research on superlens-assisted 

laser manufacturing in subsequent chapters. 

  



 114 

Chapter 5. 

Superlens-based Laser Nanostructuring 
of Op1cal Fiber Gra1ng Sensor 

 

5.1  Introduc5on 

Over the past few decades, we have witnessed significant growth and prominence of 

op6cal fiber gra6ng sensors in various fields, including pharmacy, life sciences, security, 

food industry, and environmental monitoring. The development of op6cal fiber 

sensing technology is driven by its recognized advantages, such as its compact size, 

lightweight nature, immunity to electromagne6c interference, excep6onal sensi6vity, 

real-6me monitoring capabili6es, and the ability to mul6plex[126–129], etc. Op6cal 

fiber gra6ng sensors, as an important category of op6cal fiber sensors including FBG 

and LPG sensors, are based on the fundamental principle of leveraging evanescent 

fields created by the propaga6on of light within fiber-based devices and their 

interac6on with the surrounding environment and media[130]. In the aspect of 

applica6ons, FBGs are normally used for temperature and strain sensing, and LPGs 

work for refrac6ve index sensing and monitoring of chemical processes most of the 

6me[131]. The LPG gra6ngs consist of periodic changes in the RI of fiber core, causing 

coupling between the core mode and co-propaga6ng cladding modes and the 

resonance bands in the transmission spectrum. Each resonance band corresponds to 

a different cladding mode and offers varying sensi6vity to environmental changes[132]. 

The RI sensi6vity of LPGs is determined by the effec6ve RI of the cladding modes. This 

effec6veness, in turn, depends on the contrast between the RIs of the cladding and 

the surrounding medium. Typically, the highest sensi6vity of LPGs is achieved when 

the RI of the surrounding medium closely matches that of the cladding[133].  

Various technologies have been employed to enhance the RI sensi6vity of LPG sensors. 

These include the deposi6on of uniform thin-film coa6ngs, such as PVA (Poly(vinyl 
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alcohol) )[134], PDMS (Polydimethylsiloxane)[135], polyimide[136], graphene[137], 

graphene oxide[138], and Zn/ZnO[139], as well as nanopar6cle coa6ngs[140–142], 

and nanopar6cle-embedded composite coa6ngs[143,144]. Among the various 

methods for applying coa6ngs to LPGs, the Layer-by-Layer technique is notable due to 

its outstanding capability to precisely control both the thickness and composi6on of 

nanopar6cles in the resul6ng thin films. This versa6le method enables the monitoring 

of a wide range of substances, including ethanol[145], ammonia[96], and low 

molecular analytes[146]. 

In this chapter, we propose a novel approach to enhance the RI sensi6vity of LPG 

sensors. This involves employing the technology of direct laser nanostructuring of the 

surfaces of LPGs, assisted by microsphere superlenses that are coated onto the LPG 

surfaces. This results in the forma6on of nanohole-structured LPGs (NS-LPGs). The use 

of microsphere lenses as op6cal superlenses for nanoscale sub-wavelength pa?erning, 

imaging, and sensing has been an ac6ve research area since 2000 where we carried 

out the pioneering work[147]. The pa?erning resolu6ons of 80-400 nm and imaging 

resolu6ons of 45-100 nm were reported in the literature[89,148,149], but no reports 

exist on microsphere-assisted nanostructuring of the fiber surface of LPG sensors to 

create NS-LPG sensors. In our experiments, we used a dip coa6ng technique to apply 

a monolayer of silica microspheres across the en6re surface of the op6cal fiber[150]. 

Subsequently, a pulsed UV laser system was used to ablate nanoholes on the surface 

of the fiber. The microsphere monolayer act as a focusing lens array, enabling the 

crea6on of numerous nanoholes. The RI sensing performance of the fabricated NS-

LPGs were tested in both sucrose and glycerin solu6ons, and their efficiencies were 

compared with those obtained by standard LPG sensors. Our results indicated that the 

NS-LPG sensor can deliver higher sensi6vity than the conven6onal LPG sensor. Also, 

we inves6gated the influences of nanohole density on sensing performance, finding 

that higher nanohole density can further improve sensi6vity of NS-LPG. 

 

 



 116 

5.2  Experiments of fiber gra5ng sensing 

This sec6on delves into the capabili6es of op6cal fiber gra6ng sensing by conduc6ng 

a series of current exis6ng sensing experiments. The focus is primarily on two types of 

gra6ngs: FBG for temperature measurements and LPG for monitoring varia6ons in the 

surrounding RI. These experiments are methodically designed to evaluate the viability 

and effec6veness of op6cal fiber gra6ngs for advanced sensing applica6ons across 

various environmental condi6ons. The experimental outcomes provide invaluable 

data for the development and enhancement of superlens-based laser nanostructuring 

technologies. These technologies are being integrated into precision sensing 

frameworks with the aim to significantly improve the sensi6vity and specificity of the 

gra6ngs. This enhancement is expected to facilitate finer detec6on capabili6es and 

more accurate measurements, thereby expanding the u6lity of op6cal fiber sensors in 

highly specialized fields such as biomedical applica6ons, environmental monitoring, 

and industrial process control. 

 

5.2.1  FBG temperature sensing 

 

 

Figure 5.2-1 Schema6c of FBG temperature sensing setup[151]. 
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The experimental setup described herein incorporates several components, as 

outlined in Chapter 3, and is further detailed in figure 5.2-1. Central to the setup is the 

SUPERK COMPACT Supercon6nuum white light laser system, which provides a broad 

spectrum of light necessary for high-resolu6on measurements. Addi6onally, the 

Anritsu MS9740B Op6cal Spectrum Analyzer is employed to carefully analyze the 

op6cal spectra obtained during the experiments. Key elements of the sensor 

apparatus include the TP-01 FBG sensor from FBGS, which features a Bragg 

wavelength of 1560 nm and is designed to measure temperatures ranging from -20 to 

110 ℃. This sensor is cri6cal for capturing precise temperature fluctua6ons within the 

experimental framework. Complemen6ng the FBG sensor is a 1550 nm op6cal 

circulator from Thorlabs, which is used for rou6ng the reflected spectrum back to the 

detec6on equipment. 

 

 

Figure 5.2-2 FBG sensor with temperature probe connected with circulator. 

 

As illustrated in figure 5.2-2, features the FBG sensor equipped with a temperature 
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probe, which is connected to an op6cal circulator. For the purpose of this experiment, 

a beaker filled with water at varying temperatures ranging from 30 to 100 °C is u6lized 

to test the sensor's responsiveness. When the FBG probe is immersed in the water, 

the key observa6on is the behavior of the reflec6on spectrum: specifically, the peak 

of the reflec6on spectrum shios in response to changes in temperature. This shio is 

characterized by a red shio in the peak as the temperature of the water increases. This 

phenomenon is important for understanding how the FBG sensor responds to 

temperature changes, offering insights into the dynamics of op6cal behavior under 

varying thermal condi6ons. 

 

 

Figure 5.2-3 Rela6onship between FBG Bragg wavelength shio and temperature. 

 

Figure 5.2-3 presents a comparison between theore6cal and experimental results for 

FBG temperature sensing. The theore6cal curve, provided by the supplier FBGS, is 
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aligned closely with the experimental data, which demonstrates a linear rela6onship 

with sensi6vity of 10.4 pm/°C. This sensi6vity falls within the typical range for Fiber 

Bragg Gra6ngs, which is usually between 6 to 13 pm/°C. The graph plots temperature 

against wavelength shio, showing a linear rela6onship as expected. As the 

temperature increases, there is a clear red shio in the Bragg wavelength, confirming 

the theore6cal predic6ons. The close match between the theore6cal and 

experimental results not only validates the experimental setup but also underscores 

the reliability of the FBG sensor used in this study for accurate temperature 

measurements. 

 

5.2.2  LPG surrounding liquid refrac1ve index sensing 

In another fundamental experiment, LPG sensors are u6lized to measure the RI of 

various surrounding mediums. Different concentra6ons of sugar solu6ons were used 

in the experiment. Unlike the setup for FBG sensors, the LPG experiments do not 

require an op6cal circulator, as the focus is solely on analyzing the transmi?ance 

spectrum. The LPGs used in the experiment has a central wavelength of 1555/1550 

nm, a gra6ng period of 550 µm, and a gra6ng length of 20 mm. The experimental 

arrangement, depicted in figure 5.2-4, involves immersing the LPG gra6ng area 

completely in the sugar solu6ons to ensure adequate exposure to the test medium. 

As outlined in Chapter 3, varying sugar concentra6ons result in different refrac6ve 

indices of the solu6ons, which in turn influence the behavior of the transmi?ed light 

through the LPG sensor. Specifically, as the sugar concentra6on in the solu6on 

increases, the refrac6ve index also increases. This change causes a blue shio in the 

peak of the LPG transmission spectrum. This shio is indica6ve of the rela6onship 

between the concentra6on of the solu6on and its op6cal proper6es, providing a clear, 

measurable response in the LPG sensor output.  
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Figure 5.2-4 (a) LPG gra6ng area. (b) LPG gra6ng area with sugar solu6on immersing. 

 

In contrast to the linear rela6onship observed in FBG temperature sensing, the 

sensi6vity of Long Period Gra6ng (LPG) sensors to changes in the refrac6ve index (RI) 

of the surrounding medium exhibits more complex behavior. The sensi6vity of LPGs 

increases as the refrac6ve index of the surrounding medium approaches that of the 

cladding material. This heightened sensi6vity results from the enhanced interac6on 

between the core and cladding modes at closer refrac6ve indices. 

However, there is a limita6on to consider: if the RI of the ambient medium surpasses 

that of the cladding, the typical sensing behavior of the LPG is disrupted, and the 

previously observed rela6onships no longer apply. This phenomenon highlights that 

within the RI range of approximately 1.4 to 1.45, LPG sensors exhibit excep6onally 
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high sensi6vity, making them par6cularly useful for precise measurements within this 

specific range. 

The detailed experimental outcomes demonstra6ng these dynamics will be discussed 

in the subsequent sec6on. These results will also serve as a baseline for evalua6ng the 

effec6veness of superlens-assisted laser nanostructuring techniques applied to LPGs, 

aiming to enhance their performance and expand their applicability in more complex 

sensing scenarios. 

 

5.3  Superlens-assisted laser nanostructuring of LPGs for 

enhanced RI sensing 

 

5.3.1  Materials 

Chemicals: Chemical reagents were sourced from established suppliers: Potassium 

hydroxide (KOH, 56.11 g/mol), poly(diallyl dimethylammonium chloride) (PDDA, 200k-

350k molecular weight, 20 wt% in water), high-purity sucrose (≥ 99.5%), and glycerol 

(≥ 99.5%) were all obtained from Sigma-Aldrich (UK). Deionized (DI) water used in the 

experiments was from Thermo Fisher Scien6fic Inc. (UK). Different concentra6on 

solu6ons were prepared with DI water, and reagents were used as received, without 

further purifica6on.  

Microspheres: Colloidal silica microspheres with a diameter of 1 micrometer, a 

concentra6on of 50 mg/ml, and a coefficient of varia6on (CV) less than 3% were 

procured from ALPHA Nanotech Inc. (United Kingdom). 

LPGs: Long Period Fiber Gra6ngs with a cladding diameter of 125 μm, core diameter 

of 8.2 μm, gra6ng length of 20 mm, and gra6ng period of 550 μm were sourced from 

oeMarket (Australia). These were fabricated from single-mode fiber (SMF-28). 
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5.3.2  Deposi1on of microsphere monolayer 

The dip coa6ng method was used to deposit a silica microsphere monolayer onto the 

LPG surface, using the Type G Ossila Dip Coater from Ossila, UK. The solu6ons included 

5 wt% ethanolic KOH (ethanol/water = 3:2 v/v), 10 wt% PDDA in DI water, and 10 wt% 

silica microspheres in DI water. The LPG was a?ached to a dip coater holder, and then 

rinsed and cleaned with DI water and ethanol, respec6vely. It was immersed in the 5 

wt% KOH solu6on for 20 minutes to produce a nega6vely charged surface. This was 

followed by submersion in a 10 wt% PDDA solu6on for an addi6onal 20 minutes, 

succeeded by the 10 wt% silica microspheres solu6on. Aoer these steps, the LPG was 

air-dried at 50℃ for an hour using a hotplate (Fisher Scien6fic Heater) to facilitate the 

deposi6on of the silica microsphere monolayer[88,95,152] (Fig. 5.3-1a). The dip and 

withdrawal speeds were consistently set at 50 mm/min and 2 mm/min, respec6vely. 

The microsphere-coated LPG sample was characterized using an advanced op6cal 

microscope (Olympus DSX1000) and a laser confocal microscope (3D Measuring Laser 

Confocal Microscope OLS5000). 

 

 

Figure 5.3-1 Schema6c of the experimental processes. (a) Microsphere coa6ng on LPG, 

(b) Laser processing, (c) Nanoholes fabricated on LPG. 
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5.3.3  Nanohole genera1on 

As previously men6oned, microspheres can func6on as superlenses, focusing light to 

sub-wavelength spot sizes[94,150,153]. In our experiments (Fig. 5.3-1), a pulsed UV 

nanosecond laser beam (Guoke Laser, GKD-C40C20B, power: 10-Wa?, wavelength: 

355 nm, pulse dura6on: 100 ns, repe66on rate: 50 kHz, spot size: 50 µm) was directed 

onto the microsphere-coated LPG sample and precisely scanned across it using a Galvo 

scanner at a speed of 100 mm/s (Fig. 5.3-1b). Following the laser treatment, nanoholes 

appeared beneath each microsphere, and most microspheres were removed due to 

the laser abla6on process and the thermal expansion it caused. Therefore, it is 

necessary to rinse off any remaining par6cles aoer the ini6al pass and then recoat the 

par6cles across the en6re fiber surface before conduc6ng a second pass of laser 

exposure. It is noted that the fiber sample is represented by a cylinder in the diagram. 

To ensure processing the en6re surface of the LPG, the LPG sample needed to be 

rotated aoer each pass, facilitated by a specially designed rota6onal holder. It is 

important to men6on that the laser power was carefully controlled at approximately 

0.53 J/cm2 to prevent damage to the LPG gra6ng within the fiber areas not covered by 

microspheres. This assurance stems from laser exposure tests conducted on standard 

LPG samples before applying microsphere coa6ngs, where consistent sensing 

performance was observed before and aoer laser exposure, indica6ng no damage to 

the gra6ng. In the experiments, two sets of nanohole densi6es were compared: 

sample LPG1 involved a single pass of microsphere deposi6on and laser processing, 

while sample LPG2 experienced double passes of microsphere deposi6on and laser 

processing for a larger nanohole density. Although this process can be repeated to 

further increase nanohole density, our study focuses on single-pass and double-pass 

processing only. For simplifying comparison, the unprocessed original LPG sample was 

referred to as LPG0, as shown in table 5.3-1. The nanostructured LPG samples were 

characterized using various imaging techniques, including dark field microscopy, 

scanning electron microscopy (SEM, Hitachi TM4000Plus) and atomic force microscopy 

(AFM, Veeco Dimension 3100/V). 
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Sample Descrip'on Hole Density, D 

(hole area/total 

surface area) 

LPG0  

(S1, S2) 

Original, non-processed LPG.      

S1: LPG0 for single-pass          

S2: LPG0 for double-pass 

0% 

LPG1 Single-pass processed LPG 5% 

LPG2 Double-pass processed LPG 7.9% 

Table 5.3-1 List of samples. 

 

5.3.4  Refrac1ve index sensing 

The RI of solu6ons varies with concentra6on, with dis6nct RIs for each solute[154]. 

LPG sensors detect RI shios, especially within the range of the RIs of water between 

1.33 to 1.46 which is slightly smaller than that of cladding. LPG sensi6vity can increase 

as the ambient RI approaches the RI of the cladding[116]. The laser-processed NS-LPGs 

are used to test the RIs of the solu6ons of varying concentra6ons of sucrose (0-70 wt%) 

and glycerin (0-90 wt%) in this study. 

Our experimental setup illustrated in figure 5.3-2, u6lized a broadband light source 

(BBS, NKT Photonics SuperK COMPACT) connected to an op6cal spectrum analyzer 

(OSA, Anritsu MS9740B) via NKT Photonics SuperK Fiber Delivery. Aoer each 

immersion, the LPG was cleaned and dried to ensure consistent readings and prevent 

contamina6on. 

The response of the LPG is influenced by the RI of the surrounding material. These 

changes can tune the spectral output of LPG, as the wavelengths of light a?enua6on 

depend on the effec6ve RI of the cladding mode[133]. The LPG transfers of light from 

the core to specific cladding modes. Within the cladding, light diminishes due to 
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sca?ering, leading to observable loss bands in the core output[114]. 

 

 

Figure 5.3-2 Experimental setup for sensing tes6ng. (a) Schema6c representa6on, (b) 

Photograph of the setup. 

 

5.3.5  Morphology of microsphere-coated LPG 

Figure 5.3-3 presents a detailed analysis of the surface morphology of LPGs coated 

with a monolayer of silica microspheres. Dark field op6cal images in figure 5.3-3a 

emphasize the efficient alignment and uniform distribu6on of microspheres across the 

fiber surface. The coa6ng process achieved extensive coverage with approximately 95% 

of the surface area of the fiber. In figure 5.3-3b, the 3D confocal image illustrates the 

arrangement of microspheres on the curved surface of the LPG. Notably, the 

monolayer of the microspheres exhibits consistency of the uniform coverage across 

the en6re curved surface of the LPG, rather than any irregular distribu6on. Figure 5.3-

3c provides a close view of the monolayer-coated LPG, revealing the silica par6cles 

with the diameter of 1000 nm. This detailed view clearly demonstrates the silica 
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micropar6cles arranged in a hexagonal honeycomb pa?ern, despite defects that could 

exist within them. 

 

 

Figure 5.3-3 Microscopic images of the microsphere-coated LPG surface. (a) Dark field 

op6cal image, (b) 3D confocal image of the curved surface coated with microspheres, 

and (c) Magnified view of the microsphere array from (b). 

 

5.3.6  Morphology of nanostructured LPG 

Figure 5.3-4 illustrates the surface morphologies of LPG1 and LPG2 samples, following 

superlens-assisted laser nanostructuring for single-pass and double-pass, respec6vely. 

Nanoholes are clearly visible in dark-field op6cal microscopy (Fig. 5.3-4a). The zoomed 

SEM (Fig. 5.3-4b) and AFM images (Fig. 5.3-4c-d) reveal that these nanoholes are in 

the circular shape, with the diameters ranging from 300 to 500 nm and the depths 

ranging from 60 to 120 nm. Compared to figure 5.3-3, the pa?erns depicted in figure 

5.3-4 demonstrate a notable increase in size varia6on and the presence of more 

defects. This disparity primarily stems from the laser processing procedure rather than 

the quality of the microsphere array. Firstly, the use of a non-flat top Gaussian beam 

results in par6cles within the spot being exposed to varying energy levels. Secondly, 

fluctua6ons in the temporal output of the laser energy during experimenta6on can 

greatly influence the genera6on of nanoholes. Moreover, the curved surface of the 
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fiber impacts how laser energy is transmi?ed from the microsphere to the substrate 

at different surface points, consequently affec6ng nanohole quality. To mi6gate these 

issues, employing a uniform laser beam, such as a flat-top beam by adding a beam 

homogenizer in the beam path is recommended to enhance nanohole quality and 

minimize defects in subsequent itera6ons of the process[155]. 

 

 

Figure 5.3-4 Surface morphologies of processed LPG1 and LPG2 samples. (a) Dark-field 

op6cal image of LPG1 sample. (b) SEM image LPG1 sample, (c) AFM images of LPG1 

and LPG2 samples, (d) depth profile of the LPG1 sample in c. 

 

Comparing the samples in LPG1 and LPG2, it is observed that the double-pass 

processing results in higher nanohole densi6es. The calculated nanohole densi6es, 
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defined as a ra6o of the area with the generated nanoholes to the total surface area 

of the fiber, are approximately 5% for the LPG1 sample and 7.9% for the LPG2 sample. 

As noted earlier, aoer the ini6al laser processing pass, most microspheres on the fiber 

surface are ejected. Therefore, rinsing and reapplying them across the en6re fiber 

surface before subsequent laser exposure rounds are crucial. This may lead to varied 

par6cle posi6ons, causing uneven distribu6on and overlapping of resul6ng nanoholes 

(see LPG2 in Fig. 5.3-4c), but effec6vely increases nanohole density. Further density 

enhancement through repeated processing falls outside this study's scope but 

deserves future explora6on. 

 

5.3.7  RI sensi1vity measurement 

 

 

Figure 5.3-5 Transmission spectrum of (a) LPG1 in air, before and aoer nanostructuring, 

(b-c) LPG1 sensing of sucrose solu6on at various concentra6ons before and aoer 

nanostructuring, (d) LPG2 in air, before and aoer nanostructuring, (e-f) LPG2 sensing 

of glycerin solu6on at various concentra6ons before and aoer nanostructuring. 
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In a series of experiments, LPG1 with a 5% nanohole density was exposed to sucrose 

aqueous solu6ons with the concentra6on ranging from 0% to 70% (DI water). Figure 

5.3-5a shows a significant red shio of 480 pm in the ambient air aoer nanohole 

structuring. The overall peak shio increased from 7.05 nm (unprocessed) to 8.16 nm 

(structured with nanoholes), represen6ng a 15.7% total shio increase (Fig. 5.3-5b-c). 

For LPG2, featuring double-pass nanostructuring with a 7.9% nanohole density, the 

experiments involved the glycerin aqueous solu6ons with the concentra6on ranging 

from 0% to 90%. Figure 5.3-5d demonstrates a red shio of 530 pm in the ambient air 

following nanohole structuring. The total peak shio increased from 8.79 nm 

(unprocessed) to 10.70 nm, indica6ng a 21.7% total shio increase (Fig. 5.3-5e-f).  

The red shios of the peaks are a?ributed to the laser-generated nanoholes on the fiber, 

which lead to an increased surface contact area with enhanced light coupling between 

the cladding and the sensing medium. This will be considered in our model below, 

which differs from the classical model that uses a reduced cladding diameter[101,156]. 

 

 

Figure 5.3-6 (a) Rela6onships between solu6on weight ra6o and refrac6ve index, (b) 

shioed peak loca6ons of LPG0 (S1) & LPG1 at varying solu6on concentra6ons, (c) 

shioed peak loca6ons of LPG0 (S2) & LPG2 at varying solu6on concentra6ons. 

 

The rela6onship between the solu6on weight ra6o and RI for both sucrose and glycerin 

aqueous solu6ons is shown in figure 5.3-6a, displaying linear characteris6cs in line with 

the results in[154]. Figure 5.3-6b & 5.3-6c presents the shioed peak loca6ons of two 
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LPGs, indica6ng their response to different solu6on concentra6ons before and aoer 

nanohole structuring. The slopes of these curves represent RI sensi6vity, a cri6cal 

sensing parameter that improves as the surrounding RI approaches the cladding 

material's RI[116]. The RI sensi6vity is defined by the slope which is calculated by delta 

wavelength / delta weight ra6o, giving a non-linear rela6onship. As an example, the 

sensi6vity of LPG2 under glycerin concentra6on between 70% and 80% is 281 pm/% 

shown in figure 5.3-6c. The results of both LPG1 and LPG2 samples clearly demonstrate 

an improvement in slope, reflec6ng enhanced sensi6vity aoer nanostructuring. The 

results also demonstrate that nanostructured LPG1 and LPG2 samples exhibit higher 

sensi6vity compared to their original counterparts, as depicted in figure 5.3-7a and 

figure 5.3-7b, respec6vely. LPG1 shows the most significant sensi6vity enhancement 

at 26.32% within the 35-40% sucrose weight ra6o range (Fig. 5.3-7a), indica6ng an 

op6mal concentra6on for maximum interac6on between the cladding and the sensing 

medium. Also, figure 5.3-7b illustrates that LPG2's peak sensi6vity increase is at 30.09% 

in the presence of a 70-80% glycerin weight ra6o, sugges6ng a similar op6mal 

concentra6on threshold for heightened response. 

 

 

Figure 5.3-7 Sensi6vity increase of (a) LPG1 for sucrose solu6on concentra6on interval, 

(b) LPG2 for glycerin solu6on concentra6on interval. 
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These experiments highlight the improved performance of nanostructured LPGs 

compared to the original unprocessed LPGs, with greater enhancements observed in 

structures with higher nanohole density. The increased total peak shios indicate the 

improved performance of nanostructured LPGs and their poten6al for various op6cal 

and sensing applica6ons. Ongoing efforts are focused on refining methods to achieve 

even higher nanohole density samples, thereby further advancing the sensi6vity of 

nanostructured LPGs in applica6ons based on the RI measurements. Moreover, the 

nanostructured surface may offer a novel avenue for interac6ng with sensing samples. 

For instance, virus par6cles or drug nanopar6cles could poten6ally be entrapped 

within nanoholes, enabling detec6on. 

 

 

Figure 5.3-8 LPG1 sucrose solu6on sensing performance. (a) Comparison of 

wavelength responses of LPG1 before and aoer exposure to chemicals at varying 

sucrose concentra6ons. (b) Repeatability of LPG1 wavelength responses measured 

aoer fabrica6on 6me intervals of 1, 2, and 4 weeks. 

 

We conducted durability tests on nanostructured LPG1 sensors in diverse 

environmental condi6ons, including exposure to chemicals such as acetone, methanol, 

and xylene. As shown in figure 5.3-8a, the nanohole-structured LPG1 maintained 

consistent sensing performance, with no significant degrada6on in wavelength 

response aoer chemical exposure. In contrast, surface-coated LPGs, such as those 
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using polymethyl methacrylate (PMMA), were prone to damage during these tests, 

with the coa6ngs being removed, degraded, or losing sensing func6onality. Figure 5.3-

8b further highlights the robustness of the nanostructured LPG1, demonstra6ng 

repeatable and stable sensing performance over 6me, even aoer prolonged intervals. 

These results emphasize the superior durability and reusability of nanostructured 

LPG1 compared to coated counterparts.  

The fabrica6on process consists of two main steps: microsphere dip-coa6ng and laser 

processing. In the first step, microspheres are deposited onto the surface of op6cal 

fibers via a dip-coa6ng method. Experimental results demonstrate that the coa6ng 

quality is both repeatable and consistent, provided that key environmental 

parameters—such as coa6ng solu6on concentra6on, ambient temperature, and 

dipping-coa6ng speed—are carefully maintained. Under these controlled condi6ons, 

uniform microsphere layers were consistently achieved across mul6ple coa6ng 

batches. 

The dip-coa6ng process typically requires approximately 20 minutes per batch, with a 

dipping speed of 50 mm/min. Crucially, this step supports parallel processing, enabling 

mul6ple fibers to be coated simultaneously within the same solu6on bath. In the 

second step, laser nanostructuring is applied to the coated fibers. This stage is also 

readily scalable, as mul6ple fibers can be processed in parallel using a uniform flat-top 

beam configura6on. Together, these two steps form a fabrica6on workflow that is 

highly amenable to high-throughput produc6on and scalable deployment of 

nanostructured op6cal fiber sensors. 

 

5.3.8  Modelling and simula1on 

To advance the understanding of the sensi6vity characteris6cs of nanostructured LPGs, 

we have refined an exis6ng MATLAB computa6onal model based on the coupled mode 

theory relevant to op6cal fiber waveguides[101,156]. This enhanced model, named 
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the ‘K2-model’, accurately computes the transmission spectra for LPGs, facilita6ng a 

comprehensive inves6ga6on into the correla6on between spectral peak shios within 

op6cal fiber waveguides and the dynamic RI changes in the surrounding medium. The 

model expresses the LPG transmission as follows: 

 

𝑇 = 𝑐𝑜𝑠* ��𝐾** + 𝐾-* ∙ 𝐿� + (𝐾-*/(𝐾-* + 𝐾**)) ∙ 𝑠𝑖𝑛* ��𝐾** + 𝐾-* ∙ 𝐿�   

(5.3-1) 

In this expression, K₁ = δ + ½ κ₁, with δ as the self-detuning coefficient as outlined in 

reference[107], and K₂ = α κ₂, where α is the newly introduced parameter for this work 

termed the 'κ₂ enhancement factor'. κ₁ and κ2 are the light coupling coefficients of core 

and cladding, respec6vely (see Fig. 5.3-9a). The term L denotes the gra6ng length. The 

‘κ₂ enhancement factor', α, is the principal modifica6on to the exis6ng model in[101]. 

This factor is a measure of the nanohole density (D) and the light sca?ering efficiency 

(S) by the nanoholes at the cladding/medium interface, and is given by the rela6onship: 

 

𝛼	 = 	1	 + 	𝑆	 ⋅ 	𝐷 

(5.3-2) 

 

 

Figure 5.3-9 (a) Schema6c of modelling geometry (not to scale) and (b) α, the 

enhancement factor of K2, as a func6on of hole density. 



 134 

 

The integra6on of α is vital as it captures the primary effect we observed in 

nanostructured LPGs. For our analysis, S is es6mated at 1.01, with D at 5% for LPG1 

and 7.9% for LPG2. The simula6on replicates the parameters of the experimental LPGs, 

with a cladding diameter of 125 μm, core diameter of 8.2 μm, gra6ng length of 20 mm, 

and a gra6ng period of 550 μm. Par6cular a?en6on is given to the peak with the 

highest sensi6vity to RI changes, which is emphasized by the nanostructured surface. 

 

 

Figure 5.3-10 Simulated transmission curves and corresponding peak wavelength as 

func6on of RI ranging from 1.0 to 1.445 for (a,d) LPG0 (original), (b,e) LPG1 (5% hole 

density) and (c,f) LPG2 (7.9% hole density) samples, respec6vely. 

 

Figures 5.3-10a & 5.3-10d depict the simulated peak shios for the original, 

unprocessed LPG0 sample. The total peak shio spans 8.14 nm as the RI varies from 1.0 

to 1.445, serving as the baseline for subsequent comparisons with processed samples. 

During the single-pass nanostructuring model of the LPG1 sample, nanoholes were 

generated at a density of 5%, leading to a 500 pm redshio of the transmission peaks 



 135 

in air compared to the LPG0 sample under the same condi6ons. Over the refrac6ve 

index range from 1.0 to 1.445, the cumula6ve shio amounted to 9.44 nm for the LPG1 

sample, indica6ng a 15.97% increase compared to the unprocessed LPG0 sample, as 

illustrated in figures 5.3-10b and 5.3-10e. Aligned with experimental results, a 480 pm 

red-shio and a 16.08% enhancement in shio was observed. Similarly, for the LPG2 

sample subjected to double-pass nanostructuring model, nanoholes were generated 

at a density of 7.9%, resul6ng in a 570 pm redshio of the peak wavelength in an air 

environment. The total shio reached 9.63 nm, reflec6ng an 18.30% increase compared 

to the unprocessed LPG over the en6re refrac6ve index range, which is also in line with 

experimental results showing a 530 pm redshio and a 19.57% increase in shio. 

 

 

Figure 5.3-11 Comparison of sensi6vity enhancement between simula6on and 

experimental results for LPGs with different hole densi6es. 

 

In conclusion, our proposed ‘K2-model’ effec6vely elucidates the improved sensing 

performance and fundamental physics of nanostructured holes on LPG sensors. The 

incorpora6on of nanoholes increases the surface area, thereby improving the coupling 

between the cladding layer and the sensing medium. This results in the observed 
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sensi6vity enhancement, as shown in figure 5.3-11, where simula6on predicts 

sensi6vity improvements ranging from 15.97% to 18.30%, closely aligning with 

experimental results of 16.08% to 19.57%. This strong agreement between theore6cal 

and experimental data highlights the effec6veness and accuracy of the K2-model in 

describing the performance of nanostructured LPG sensors. 

 

5.4  Chapter summary 

In summary, an innova6ve approach to enhance the sensi6vity of LPGs for refrac6ve 

index sensing was presented. This enhancement is achieved by crea6ng NS-LPGs using 

a novel microsphere-assisted superlens laser nanostructuring technology. Our 

experiments compared the NS-LPGs with different nanohole densi6es in sucrose and 

glycerin solu6ons. The results demonstrated a remarkable increase in sensi6vity, with 

NS-LPGs showing enhancements of 16.08% and 19.57% in sucrose and glycerin 

solu6ons, respec6vely, compared to tradi6onal LPGs. Higher nanohole density 

resulted in greater sensi6vity improvements. Crucially, these nanohole structures 

provide excep6onal durability by elimina6ng the problem of coa6ng layer damage, 

effec6vely resolving common issues encountered with conven6onal surface-coated 

LPGs. Our research represents a significant advancement in LPG sensor technology, 

emphasizing the poten6al of surface nanostructuring to enhance refrac6ve index 

sensing capabili6es. This innova6on holds promise for a wide range of prac6cal 

applica6ons. 

  



 137 

Chapter 6. 

Integrated Super-resolu1on 
Nanofabrica1on & Nanoimaging System 

 

6.1  Introduc5on 

Laser technology has become indispensable in micro/nanopa?erning due to its 

widespread usage. This versa6le tool facilitates the precise crea6on of intricate 

structures through non-contact and maskless laser direct-wri6ng techniques. However, 

a significant challenge in laser processing persists because of op6cal diffrac6on limit, 

par6cularly when aiming the produc6on of extremely small features[62]. The 

minimum size of features achievable with surface pa?erning technologies, such as 

photolithography and direct laser wri6ng, as well as the resolu6on of op6cal imaging 

systems, is inherently constrained by this limit. To overcome the diffrac6on limit, 

super-resolu6on techniques such as structured illumina6on microscopy, metamaterial 

superlenses, and microsphere superlenses have been developed[15,149,157–159]. 

Among these, the microsphere superlens technique is fundamental to this study. This 

technique is closely associated with the so-called ‘photonic nanojet’ effect, which 

helps focus light beams beyond the diffrac6on limit by leveraging the complex 

interplay of light interac6ons—such as reflec6on, refrac6on, and interference—

occurring at the surface of micro- or nanoscale dielectric structures. This enables finer 

resolu6on in both imaging and fabrica6on processes[16,160,161]. A comprehensive 

review of the microsphere superlens technique, including its fundamentals and 

applica6ons, can be found in the publica6on[149]. Key advancements in photonic 

nanojets mainly pursue two research direc6ons: first, focusing laser beams onto the 

sample surface to achieve nanopa?erning with sub-100 nm feature sizes, and secondly, 

manipula6ng light reflected from the sample surface, forming the founda6on of super-

resolu6on op6cal imaging to observe subwavelength objects and structures with 
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resolu6on as fine as 45 nm[162,163]. Previous publica6ons have demonstrated 80 nm 

resolu6on in laser nanopa?erning[22] and 45–50 nm resolu6on in 

nanoimaging[148,162], alongside other notable developments[75]. 

The dual func6onal nature of the proposed system roots from the dis6nct par6cle lens 

setup and super-resolu6on mechanism it employs. In nanopa?erning experiments, it 

is well established that the pa?erning resolu6on is propor6onal to the par6cle size. 

Previous researchers have demonstrated the realiza6on of pa?erning resolu6ons 

ranging from 1 µm to sub-micron levels, including sub-100 nm, using rela6vely small 

SiO2 par6cle lenses[164,165]. This mechanism differs from that employed in 

nanoimaging. In super-resolu6on imaging, the microsphere superlens operates in a 

virtual imaging mode. It collects and transforms near-field evanescent waves, which 

carry high-spa6al-frequency informa6on of the object, into propaga6ng waves that 

reach the far-field by forming a magnified virtual image. Here, the efficiency of 

evanescent-to-propaga6ng conversion (ETPC) determines the final imaging resolu6on, 

rather than the spot size on the sample surface as in nanopa?erning[18,166]. This 

mechanism enables the use of larger microspheres as superlenses for super-resolu6on 

imaging. At present, BaTiO3 (BTG) microspheres with sizes ranging between 20 and 60 

µm are widely used as dielectric superlenses[149]. 

Integra6ng both nanopa?erning and nanoimaging capabili6es within a single system 

requires design of the SuperNANO objec6ve to accommodate both working modes: 

focusing mode and virtual imaging mode, normally based on microsphere material, 

size, refrac6ve index contrast, integra6on with external components, and 

op6miza6on[167–170]. Addi6onally, the system possesses the capability to posi6on 

the microsphere superlens precisely at desired loca6ons and scan over an area, which 

is crucial for prac6cal applica6ons since a single microsphere has a limited field of view 

(FOV). Consequently, scanning is u6lized to expand the FOV of the system for a 

dynamic imaging[171,172]. Various scanning schemes were used in this field, including 

integra6on with an atomic force microscope (AFM) system, encapsula6on of the 

microsphere in a solid film, op6cal trapping, etc. The most recent scanning design 
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involves bonding the microsphere superlens directly with an objec6ve lens to create a 

unibody design[173,174]. In 2020, two approaches to unibody design and their 

applica6ons in nanopa?erning[11] and super-resolu6on imaging[175] were 

respec6vely published. The Plano-Convex-Microsphere (PCM) design stands out as a 

key innova6on. It refers a compound-lens design realized by posi6oning a high-index 

microsphere onto a Plano-Convex lens and then integra6ng them into a conven6onal 

objec6ve lens. However, these microsphere-based imaging and pa?erning systems 

were not integrated with each other, making real-6me simultaneous nanoimaging and 

nanopa?erning impossible. This significantly limits its applica6ons in advanced an6-

counterfei6ng marking and other poten6al uses, such as real-6me nanoscale laser 

processing at desired loca6ons with nanoscale posi6onal accuracy, biomedical 

applica6ons, high-resolu6on diagnos6c tools, and semiconductor 

manufacturing[14,176–178]. 

This chapter presents a novel super-resolu6on instrument, SuperNANO, which 

integrates dual func6ons for super-resolu6on imaging and fabrica6on. It enables 

simultaneous label-free super-resolu6on imaging and direct laser nanofabrica6on for 

the first 6me. The versa6lity of the instrument is demonstrated by its capability to 

create an6-counterfei6ng security markings on an aluminum film sample. Through 

real-6me direct laser wri6ng, 'invisible' nano-security features, with arbitrary shapes, 

are generated at precise loca6ons on the sample. Applica6ons are shown in two-level 

an6-counterfei6ng marking for security features, as well as nanoscissors for precise 

direc6onal cubng of silver nanowires with a width of 80 nm, u6lizing the synchronized 

nanoimaging system. The gap distance between the sample and lens is monitored by 

an auxiliary side-view microscope system, which proves cri6cal for achieving reliable 

distance control in instrumenta6on. 
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6.2  SuperNANO system design 

6.2.1  SuperNANO system setup 

Figure 6.2-1 shows the schema6c of the SuperNANO system. A Thorlabs QSL103A 

Picosecond Microchip Laser (wavelength of 1030 nm, with a pulse dura6on ranging 

from 550 ps ± 100 ps, repe66on rate of 100 kHz) is the core of the system. This laser 

undergoes precise control as it passes through a series of essen6al components. 

Ini6ally, it encounters a precision shu?er and a beam expander, both carefully 

managed to ensure op6mal beam quality and intensity. Subsequently, the laser enters 

the G3 Base galvo-scanner from BEIJING JCZ TECHNOLOGY CO. (Beijing, China), a 

dynamic component capable of achieving scanning speeds of up to 5000 mm/s. This 

swio scanning capability facilitates precise nanopa?erning on the target substrate. The 

setup of the SuperNANO system is par66oned into dis6nct leo and right sec6ons, each 

dedicated to specific tasks. On the leo, the focus is on super-resolu6on fabrica6on, 

while the right segment caters to super-resolu6on imaging. 

 

 

Figure 6.2-1 Schema6c of SuperNANO system setup. 
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These sec6ons were combined in the middle, seamlessly sharing a common op6cal 

pathway and a pivotal component known as the unibody superlens objec6ve (USO). 

This integra6on ensures efficient u6liza6on of resources and facilitates seamless 

transi6ons between fabrica6on and imaging processes. A 50:50 beam spli?er plays a 

role in dividing the laser beam, alloca6ng por6ons for both power metering and USO 

opera6ons. This division facilitates nanoimaging capabili6es by direc6ng a por6on of 

the laser beam towards reflec6on and subsequent capture by a CCD camera. To further 

enhance precision, the system incorporates XYZ motorized nano-stage and micro-

stage mechanisms, orchestra6ng the alignment between the USO and the substrate. 

Meanwhile, the illumina6ons are carefully configured, featuring an LED illumina6on 

and an aperture diaphragm to ensure op6mal ligh6ng condi6ons for nanoscale 

manipula6on. Furthermore, the system boasts sophis6cated monitoring and control 

func6onali6es, exemplified by the inclusion of a side-viewing microscope seamlessly 

integrated with the stage system. This combina6on enables real-6me monitoring and 

precise adjustment of gap distances, further enhancing the system’s capabili6es in 

achieving unparalleled levels of precision and control in nanoscale manipula6on. 

 

6.2.2  Fabrica1on of Unibody Superlens Objec1ve 

Figure 6.2-2a shows the manufacturing process of the USO lens (Fig. 6.2-2b), which is 

based on integra6ng a conven6onal objec6ve (with a numerical aperture of 0.65) with 

an 80 µm BaTiO3 (BTG) microsphere lens in a single design, as first introduced in our 

previous work[179]. The two components of USO are mechanically bonded together 

through a transparent encapsula6on layer, typically composed of ultraviolet glue (UV 

light: wavelength 395 nm, power 3W, set 6me 2 hours). The fabrica6on process 

commences with the a?achment of a microsphere onto a UV glue-coated objec6ve 

(Fig. 6.2-2a1), facilitated by the precise manipula6on of the Z-axis of the nano-stage to 

posi6on the microsphere in touch and detach from the substrate surface (see Fig. 6.2-

2a2,a3). Subsequently, the microsphere is secured in place through UV light curing, 
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facilitated by the side-viewing component of the system. Challenges were 

encountered in accurately posi6oning the microsphere at the center of the USO lens 

during fabrica6on, ooen requiring mul6ple a?empts to achieve the desired outcome, 

which affected reproducibility. To address this issue, an XY transla6ng lens mount has 

been incorporated into the system (see Fig. 6.2-2b). This enhancement allows for 

precise adjustments if the microsphere shios, substan6ally increasing error tolerance 

during the fabrica6on process. Addi6onally, it is crucial to ensure that the thickness of 

the UV glue layer is less than the size of the microsphere to prevent it from becoming 

completely immersed. This controlled immersion not only maintains the correct focus 

posi6on but is also essen6al for achieving op6mal super-resolu6on performance by 

enabling the system to fully harness the enhancement capabili6es of the microsphere 

lens, as demonstrated in our previous work[11]. 

 

 

Figure 6.2-2 (a) Produc6on process of USO objec6ve made by microsphere and Plano-

Convex lens: (a1) objec6ve with UV glue approaching substrate, (a2) touching the 

substrate, (a3) detaching from the substrate. (b) Unibody Superlens Objec6ve 
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integrated with a lens mount for precise microsphere centering. (c) Focusing distance 

measurement by the side-view microscope system. The substrate acts like a mirror in 

the image. 

 

In our work, the BTG microsphere used has a refractive index of 1.95, and the UV glue 

(NOA 60) has a refractive index of 1.52 at visible wavelengths. For super-resolution 

applications, a microsphere size of several to several tens of micrometers is 

recommended in the literature. Here, a large-end size of 80 µm to ensure a working 

distance of about 5–6 µm for patterning applications was chosen. Smaller BTG 

microspheres would result in a smaller working distance, making fast and reliable 

nanopatterning more challenging[180–182]. Furthermore, the encapsulation status of 

the microsphere—whether fully or partially encapsulated within the bonding layer—

provides additional control over the superlens performance. Partial encapsulation, for 

instance, may allow for nuanced adjustments to the microsphere’s position and 

orientation, potentially fine-tuning the focal point and enhancing the overall 

resolution. In short, the final focusing resolution is mainly controlled by the 

microsphere size, material, and encapsulation status (e.g., partial or full 

encapsulation). 

Figure 6.2-2c depicts the measurement of the working distance of the USO objec6ve 

focusing as cap-tured by the side-view microscope system. By adjus6ng the Z-axis of 

the nano-stage, the focal length of the fabricated USO is determined to be 5.7 ± 0.03 

µm. Here, the micro-sphere lens has a mirrored image generated by the underlying 

reflec6ve substrate. This side-view imaging system not only enables accurate focal 

length measurements but also effec6vely monitors the posi6on of the superlens, 

playing a crucial role in safeguarding both the lens and the sample. The USO objec6ve 

is employed in both nano-imaging and laser nanofabrica6on processes, including 

nano-marking and nano-cubng as described below, to achieve enhanced resolu6on. 
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Figure 6.2-3 Photograph of fabricated USO. 

 

Figure 6.2-3 depicts the actual USO, where mul6ple par6cle lenses are visible on the 

lens. Despite the presence of these addi6onal lenses, they do not compromise the 

system's func6onality or affect the precision of the central lens, which is effec6vely the 

only relevant component for the pa?erning process. The central par6cle lens is the key 

component, as it is the only one that can be precisely focused. This focus capability 

makes it essen6al for accurate pa?erning tasks. 

 

 

Figure 6.2-4 Theore6cal modelling of USO lens focusing proper6es. (a) Side view of 

focusing with inset showing a magnified view of the focus area. (b) Field enhancement 

factor vs. working distance. (c) FWHM vs. working distance. 
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Figure 6.2-4 illustrates the calculated focusing field profile, field enhancement, and 

FWHM (Full width at half-maximum) spot size as func6ons of working distance. It 

shows that the focusing field elongates and diverges with increasing distance. The 

calculated FWHM spot size starts at 200 nm at the boundary of the microsphere and 

gradually increases to 670 nm as the distance reaches 11 µm, eventually reaching the 

microscale due to light divergence. Super-resolu6on of be?er than 400 nm is achieved 

for distances within 6 µm from the bo?om of the USO lens, which aligns with the 

experimental finding of a 5.7 µm working distance and a pa?erning feature size of 

about 320 nm, as observed in this work. 

 

6.3  Mul5-level laser security marking 

Counterfei6ng is a global issue and has considerable nega6ve impacts on our society, 

both economically and socially. Laser marking has been used as an effec6ve tool in 

an6-counterfei6ng applica6ons. Compared to ink-based marking, laser-marked 

pa?erns are difficult to rub off, making them an ideal solu6on for traceability and an6-

counterfei6ng purposes. Laser marking creates a permanent and indelible mark in 

various forms, including text, image, and 2D codes (QR code, Data Matrix Code, and 

DotCode)[125,175,176]. However, with the rapid growth of laser technology, 

especially fiber laser technology, the prices of conven6onal-lens-based laser marking 

systems have considerably dropped in recent years, which has led to an increase in 

counterfei6ng ac6vi6es. Therefore, new innova6ons are needed to enhance the 

security level of markings, preven6ng counterfeiters with laser marking systems from 

copying or reproducing our fabrica6ons. Here, our solu6on is mul6-level security 

marking: the sample will be first marked with microscale markings, then a second level 

of nanoscale marking will be added by using the developed SuperNANO system. More 

levels of security can be realized by encoding nanoscale informa6on in different 

strategies. Compared to other nanofabrica6on techniques such as photolithography, 

our technique does not involve complex processes such as spin coa6ng, exposure, and 
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lio off but a single step of direct laser wri6ng. When coupled with ultrafast laser 

sources, the technique can be performed on almost any material surface or inside 

body of transparent materials[183,184]. 

 

 

Figure 6.3-1 Strategies of mul6-level laser security marking. NiM (Nano inside Micro): 

On top of conven6onal-lens-based laser marking, adding designed nanopa?ern inside. 

NPM (Nano Pixel Micro): Pixelized micro-marking, replacing each pixel with designed 

nanopa?ern. The arrows are micro- & nano-stage moving direc6ons. 

 

Figure 6.3-1 shows two proposed mul6-level security marking strategies. The first is 

the Nano inside Micro (NiM) strategy, where nanoscale markings (the le?er ‘S’) were 

added to a microscale marking (the le?er ‘B’). The second strategy is Nano Pixel Micro 

(NPM), where the conven6onal-lens-based laser marking design was first pixelized 

(see the pixelized ‘B’ in Fig. 6.3-1). Each pixel is then replaced with a nano-design (the 

le?er ‘U’), either text or an image. Each pixel is laser nano-marked, and the overall 

fabricated image forms a micro marking image. Compared to the NiM strategy, the 

pixelized mark has reduced visibility but improved security. 
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6.3.1  NiM strategy marking 

 

 

Figure 6.3-2 Microscope image of laser marked microscale ‘B’ le?er with inside 

nanoscale ‘S’ le?er. 

 

Figure 6.3-2 showcases the advanced capabili6es of the SuperNANO system in 

achieving nanoscale-resolu6on marking within microscale structures. The image 

features a large ‘B’ le?er, microscopically engraved on the surface of the ALG (100 nm 

Aluminum thin film coated on a 1mm-thick Soda glass slides) sample. Zooming into 

the image, a smaller ‘S’ le?er can be observed within the structure of the ‘B’. In the 

magnified view, the dimensions of the nanoscale marking become evident, with the ‘S’ 

le?er measuring approximately 330 nm in line width. This ‘S’ le?er is etched with 

nanoscale precision, demonstra6ng the remarkable accuracy and control of the 

SuperNANO system in crea6ng intricate pa?erns on a nanolevel. Here, the ‘S’ le?er 

with nanoscale line width was marked using the USO lens described above, while the 

micro-sized ‘B’ le?er was marked using conven6onal-lens-based laser marking 

technology without the USO lens. 
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6.3.2  NPM strategy marking 

The ability of nanoscale-resolu6on marking by the SuperNANO system is 

demonstrated through the crea6on of a microscale 'U' le?er marked on the aluminum 

sample surface, with nanoscale marking resolu6on, as shown in figure 6.3-3. Each ‘U’ 

exhibits dimensions of 1.32 µm in length and 1.98 µm in width, with a marking 

resolu6on of 320 nm represented by the line width. Dark field illumina6on in figure 

6.3-3b emphasizes surface irregulari6es and varia6ons in reflec6vity by illumina6ng 

the sample from oblique angles, thereby enhancing the visibility of markings and 

making them stand out against the background. These irregulari6es are mainly caused 

by the small mechanical vibra6ons and laser energy fluctua6ons associated with the 

system. Moreover, the marking process is seamlessly integrated with the imaging 

system, providing real-6me observa6on and monitoring of the fabrica6on process. 

 

 

Figure 6.3-3 Microscope image of laser marked ‘U’ le?ers under (a) bright-field and (b) 

dark-field imaging modes. 
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Figure 6.3-4 Microscope image of (a) pixelated ‘B’ with each pixel is marked with a 

nano-le?er ‘U’, (b) pixe-lated le?er ‘B’ with each pixel is marked with a nano-le?er ‘S’. 

 

Figure 6.3-4 presents two examples of NPM strategy marking on the surface of an ALG 

sample. The output power of the picosecond laser system (refer to Chapter 3.3.2) was 

set to low power of 18 mW using the a?enuator, with a scanning speed of 200 mm/s. 

As results, in the first one, figure 6.3-4a, the pixelated micro-sized le?er ‘B’ is formed 

by nano-sized elements of ‘U’ with a line width of 330 nm, where BU represents 

Bangor University. The pixelated nanoelement offers versa6lity, allowing for the 

subs6tu6on of any desired le?er form. As demonstrated in the second example in 

figure 6.3-4b, the original pixel unit ‘U’ is replaced with ‘S’, forming BS represen6ng 
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Bangor Superlens, while maintaining a consistent line width of approximately 340 nm. 

Notably, the spacing between each le?er, referred to as the pixel unit, is adjustable, 

affording precise control over the resolu6on of the en6re pixelated le?er ‘B’. The 

spacing was set to 2 µm and 3 µm in figure 6.3-4a and figure 6.3-4b, respec6vely. In 

the system, the nano-le?ers ‘U’ or ‘S’ are generated by a Galvoscanning beam, while 

the posi6on of each le?er is controlled by a micro-stage. This setup enables not only 

the crea6on of intricate pixelated structures but also offers flexibility in adjus6ng 

resolu6on and le?er forms, making it highly adaptable to diverse nano-marking 

applica6ons. This configura6on enables the rapid comple6on of the en6re pa?erning 

process within seconds while ensuring uniformity. The ability to produce an extensive 

array of nano-le?ers underscores the system’s robust repeatability, which are cri6cal 

for applica6ons demanding high accuracy and consistent outcomes. Op6mizing 

processing parameters, such as laser power, scanning speed, and focal condi6ons, 

further enhances repeatability, ensuring that each pa?ern is reliably reproduced with 

minimal varia6on. This high level of control not only reduces processing 6me but also 

improves overall efficiency, making the system well-suited for advanced 

nanofabrica6on and research applica6ons that require both speed and precision. The 

repeatability of nanoscale le?er marking was found to be reasonably good. Repeated 

pa?erns exhibited consistent overall quality, with only minor varia6ons observed in 

fine structural details. This level of repeatability is sufficient for an6-counterfei6ng 

applica6ons. Further improvements in uniformity could be achieved through the use 

of a flat-top (top-hat) laser beam to ensure more consistent energy distribu6on across 

the marked area. However, the current fabrica6on process is influenced by 

environmental vibra6ons and laser energy fluctua6ons, which affect the uniformity of 

the nanostructures. Enhancing the system with advanced an6vibra6on mechanisms 

and a more stable laser source would improve uniformity, though this would increase 

the overall system cost. 

In the experiments men6oned above, the SuperNANO system demonstrated a 330 nm 

line width on an aluminum sample. Due to challenges in achieving uniformity and 
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resolu6on at smaller scales on the ALG substrate, the focus was subsequently shioed 

to nanowire cubng. Silver nanowires, with a lower mel6ng point (~400–500 °C) 

compared to ~600 °C for ALG, were selected to be?er demonstrate the resolu6on 

capabili6es of the system. This choice allowed finer abla6on control by carefully 

adjus6ng laser fluence such that only the central peak region of the Gaussian beam 

exceeded the material's abla6on threshold, enabling narrower cuts. In these cubng 

experiments, the system achieved resolu6ons as fine as 50 nm, with the results 

visualized directly through the cubng gap sizes. These finer features, including cuts 

ranging from 50 nm to 280 nm—both below the demonstrated 330 nm line width—

were also successfully nanoimaged using the USO lens, showcasing the SuperNANO 

system’s ability to operate beyond the diffrac6on limit and achieve super-resolu6on 

imaging and fabrica6on. 

 

6.4  Nanowire cuZng 

As explained above, to explore the resolu6on limit in manufacturing performed nano-

cubng experiments by the SuperNANO system on a silver nanowire (AgNW), which 

has many poten6al applica6ons such as transparent conduc6ve films, photovoltaics, 

and wearable electronics[185–187]. The AgNW was purchased from ACS MATERIAL. 

As illustrated in figure 6.4-1, the SuperNANO imaging system provides a 

comprehensive view of both the original and cut states of silver nanowires, showing 

the nanowire width around 80 nm and cubng width of approximately 440 nm. The 

laser fluence used is about 800 mJ/cm2. Notably, the outline of the USO superlens is 

prominently visible as the circular edge shown in figure 6.4-1, delinea6ng the area 

available for imaging and laser marking. Within this white region, measuring 

approximately a circle with a diameter of 10 microns, lies the focal point where precise 

imaging and laser marking opera6ons can be executed. This dual-func6onality system 

seamlessly integrates imaging and marking capabili6es, thereby facilita6ng the 

accurate localiza6on of target nanowires and enabling uniform cubng at desired 
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posi6ons. 

 

 

Figure 6.4-1 Example of silver nanowire cubng by SuperNANO system, (a) before and 

(b) aoer cubng. 

 

The nanowire cubng mechanism is based on localized laser-induced abla6on by 

evapora6on, where material removal is ini6ated by the high-intensity peak region of 

the focused Gaussian beam. By carefully tuning the fluence so that only the central 

region exceeds the abla6on threshold, material removal is confined there, enabling 

sub-diffrac6on-limited cubng[188]. Figure 6.4-2 illustrates cut sizes of 50 nm and 

280 nm achieved at fluences of 573 mJ/cm² and 685 mJ/cm², respec6vely, confirming 

fluence-dependent resolu6on control. 

To minimize thermal effects, a scanning speed of 2000 mm/s was employed—

significantly higher than that used in nano-pa?erning. As a result, each nanowire cut 

could be completed in less than 0.5 seconds. Repeated trials under the same 

condi6ons produced consistent cubng widths and profiles, demonstra6ng good 

repeatability of the process. The fluence range and scanning parameters were 

op6mized to balance abla6on efficiency and resolu6on. 
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Figure 6.4-2 Silver nanowire cubng samples under (a) SuperNANO imaging system, (b) 

zoomed view of SuperNANO image in (a,c) SEM. 

 

To inves6gate the influence of laser fluence on nanowire cubng dimensions, silver 

nanowire samples were irradiated with varying fluence levels ranging from 573 mJ/cm² 

to 800 mJ/cm². The cubng widths were measured using scanning electron microscopy 

(SEM), and a clear trend was observed: higher laser fluence resulted in wider cuts. As 

shown in figure 6.4-3, this includes representa6ve cut sizes of 140 nm (Fig. 6.4-3a) and 

390 nm (Fig. 6.4-3b), corresponding to intermediate and upper fluence levels within 

this range. The plot in figure 6.4-3c illustrates the posi6ve correla6on between laser 

fluence and cubng size, confirming that laser fluence can be precisely tuned to control 

the nanowire cubng dimension. These results strengthen the experimental basis for 

fluence-dependent nanostructuring and clarify the methodology used in genera6ng 

the data. Of par6cular significance is the achievement of the smallest cubng width 

approaching less than 50 nm, underscoring a significant milestone in the capabili6es 

of our system. This breakthrough opens up avenues for precise nanoscale 

manipula6on with unprecedented accuracy. 
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Figure 6.4-3 SEM of silver nanowire cubng samples at laser fluence of (a) 616 mJ/cm2 

and (b) 764 mJ/cm2, (c) Rela6onship between laser fluence & nanowire cubng size. 

 

To further improve the stability and resolu6on of the cubng process, future work will 

explore the use of a shorter-wavelength femtosecond laser. Addi6onally, gaps below 

50 nm remain dis6nguishable only under SEM, emphasizing the importance of 

enhanced imaging resolu6on. As part of ongoing system upgrades, the use of a higher-

performance TiO₂ superlens is being considered to further improve cubng precision. 

This strategic upgrade holds promise for further enhancing the resolu6on and 

capabili6es of the SuperNANO imaging system, thereby unlocking new possibili6es in 

nanofabrica6on and nanoengineering. 

Another compelling applica6on within our research scope is the automa6on of 

nanowire ruler cubng. This process involves the u6liza6on of a programmable micro-

stage to carefully posi6on and cut the nanowires at specified intervals, yielding ruler-

shaped nanostructures. As showcased in the results depicted in figure 6.4-3, obtained 

through both microscope and SEM measurements, this automated approach offers a 

systema6c and controlled means of fabrica6ng nanowire-based rulers with precision 

and consistency. Central to the success of nanowire ruler cubng is the management 

of the cubng width during the cubng process. By carefully adjus6ng the laser energy 

levels, the cubng width is maintained within the range of 850-900 nm. While op6ng 

for higher energy levels may result in larger cubng widths, it is crucial for ensuring the 

stability and reliability of the en6re automated cubng procedure. 
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Figure 6.4-4 Silver nanowire ruler cubng sample under (a) Microscope & (b) SEM. 

 

Moving forward, our research endeavors will be dedicated to further enhancing the 

stability and precision of the automated cubng process. One promising avenue 

involves the transi6on to a shorter wavelength femtosecond laser, which is an6cipated 

to offer superior stability and control over the cubng process. By harnessing the 

advanced capabili6es of such laser technology, the aim is to achieve even smaller 

cubng sizes in nanowire ruler cubng. In the literature, there are also reports on micro 

lens array (MLA)-assisted laser nanopa?erning. These demonstra6ons are, however, 

based on nonlinear effects in fs laser abla6on and the special materials being used. No 

super-resolu6on is associated with MLA focusing and they are not suitable for super-

resolu6on imaging applica6ons. Other reports on microsphere-based laser pa?erning 

techniques assisted by laser trapping or AFM posi6oning were also considered[90]. 

They are slow and complex, so they will not meet general needs for fast and reliable 

nano-pa?erning; it is also difficult to achieve dual func6ons, as demonstrated in our 

instrument. Our technique is unique in integra6ng real-6me nanoimaging and nano-

fabrica6on capabili6es using the Unibody Superlens Objec6ve (USO) with a 

microsphere superlens. This system offers significant advantages in terms of speed and 

cost-effec6veness, achieving similar or be?er resolu6on compared to AFM-based or 
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laser trapping systems while enabling rapid opera6on. These combined features 

dis6nguish our approach from others currently available in the literature, making it a 

more efficient and versa6le solu6on for high-resolu6on nanopa?erning and -imaging. 

In the quest for achieving finer features beyond the 50–300 nm threshold, the 

adop6on of either a higher performance superlens or a femtosecond laser with a 

shorter wavelength is being explored. One promising approach focuses on the design 

and fabrica6on of a novel TiO₂ composite superlens, leveraging the stacking of TiO₂ 

nanopar6cles to replace the currently used BTG superlens. TiO₂ is an ideal candidate 

for this advancement due to its excep6onal op6cal proper6es, including a high 

refrac6ve index (n=2.5), excellent light sca?ering, and superior resolu6on-enhancing 

capabili6es[80]. Our recent inves6ga6ons have revealed that the TiO2 superlens 

consistently outperforms the BTG microsphere superlens across various metrics, 

including focusing spot size, imaging contrast, clarity, field of view, and imaging 

resolu6on[80]. However, the TiO2 composite superlens may exhibit a shorter working 

lifespan compared to the BTG lens due to its composite nature. 

 

 

6.5  Chapter summary 

In summary, the development of the SuperNANO instrument represents a significant 

advancement in nanotechnology. The demonstrated capabili6es of the SuperNANO 

instrument extend beyond mere imaging and fabrica6on, encompassing applica6ons 

such as two-level an6-counterfei6ng marking and precise direc6onal cubng of silver 

nanowires. The instrument u6lizes innova6ve superlens technology and precise 

system design to achieve outstanding resolu6ons of 320 nm and 50 nm in nano-

security marking and nanowire cubng, respec6vely. The incorpora6on of a 

nanoimaging system plays a pivotal role, enabling real-6me posi6oning, visualiza6on, 

and monitoring throughout the en6re marking and fabrica6on process. The synergis6c 
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integra6on of super-resolu6on imaging and fabrica6on func6onali6es opens up a 

plethora of opportuni6es in various fields, including nanotrapping, -sensing, -welding, 

-drilling, and -signal enhancement, and -detec6on. Its unique combina6on of imaging 

and fabrica6on func6ons paves the way for groundbreaking advancements in a wide 

array of disciplines, driving innova6on and pushing the boundaries of what is 

achievable in nanoscience and nanotechnology. 
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Chapter 7. 

Conclusion and Future Work 
 

7.1  Conclusion 

This thesis has made substan6al contribu6ons to the field of laser manufacturing by 

advancing both conven6onal and superlens-assisted techniques. The research 

developed a low-cost nanosecond UV laser-induced method for producing high-

quality, nitrogen and sulfur-doped graphene on PBI and glass substrates. This 

approach successfully achieved graphene with a resistance of approximately 50 Ω 

over a 2 mm span, as verified by Raman spectroscopy, offering an efficient and 

economical pathway for fabrica6ng func6onal graphene materials. 

In the area of micro-fabrica6on, the thesis presented a precise approach for 

fabrica6ng micro-compensated Fresnel Zone Plates (FZP) on thin films. This method 

successfully addressed challenges in material removal, achieving a first zone radius 

accuracy of 50.608 μm for even types and 50.612 μm for odd types, with a zone width 

accuracy as high as 99.3%. These precision levels are cri6cal for lab-on-chip 

applica6ons, where accurate focusing is essen6al. 

The research also explored superlens-assisted laser marking for advanced an6-

counterfei6ng applica6ons. By encoding informa6on into DotCode formats and 

enhancing them with nanoscale features, the study achieved high-resolu6on 

markings with individual nanoholes approximately 180 nm in size, offering a robust 

method for complica6ng counterfei6ng efforts. 

In enhancing refrac6ve index sensing, the thesis developed a method for improving 

the sensi6vity of Long Period Op6cal Fiber Gra6ngs (LPGs) through superlens-

assisted laser nanostructuring. The research demonstrated sensi6vity increases of 

16.08% and 19.57% in LPGs with nanohole densi6es of 5% and 7.9%, respec6vely, 
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compared to conven6onal LPGs. These sensors also showed excep6onal durability 

and consistent performance in diverse environmental condi6ons, including exposure 

to temperatures ranging from -20°C to 150°C. 

The development and applica6on of the SuperNANO system, with its dual 

func6onality in super-resolu6on imaging and nano-fabrica6on, marked another 

significant achievement. The system achieved resolu6ons ranging from 50 to 320 nm, 

demonstra6ng its excep6onal accuracy in applica6ons such as an6-counterfei6ng 

and the precise cubng of nanowires down to widths as small as 50 nm. 

In conclusion, this thesis not only addresses exis6ng challenges in laser 

manufacturing but also introduces innova6ve techniques that enhance the precision 

and scalability of fabrica6on processes. These advancements, quan6fied by 

significant improvements in material proper6es, sensor sensi6vity, and resolu6on 

capabili6es, offer promising avenues for future research and hold the poten6al for 

significant impact in industrial and scien6fic applica6ons, par6cularly in the areas of 

sensor technology and secure manufacturing. 

 

7.2  Future work 

 

7.2.1 Development of other real-1me func1onali1es of SuperNANO 

system 

Beside current nanoimaging and nanomanufacturing func6ons, other func6ons such 

as nanoscale real-6me trapping and Raman spectroscopy would be highly desirable 

and is suggested for future development. 

Real-'me trapping and analysis of nanoplas'c par'cles: This ini6a6ve involves the 

integra6on of a novel real-6me trapping mechanism that employs state-of-the-art 

super-resolu6on imaging technology. The primary goal is to achieve precise 
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iden6fica6on of the chemical composi6ons of individual nanoplas6c par6cles, which 

are ooen challenging to isolate and analyze due to their microscopic size and similarity 

to natural bio6c materials. 

The new trapping mechanism is designed to capture nanoplas6cs efficiently in various 

environmental samples, including water and soil, where these par6cles are 

predominantly found. The integra6on with super-resolu6on imaging allows for the 

detailed visualiza6on of these 6ny par6cles at a molecular level, thus enabling a more 

accurate analysis of their chemical structures. This enhancement will also facilitate the 

development of targeted strategies for the mi6ga6on and removal of nanoplas6cs 

from the environment. By understanding the specific chemical makeup of these 

par6cles, more effec6ve filtra6on and degrada6on technologies can be developed, 

tailored to the unique proper6es of different types of nanoplas6c pollu6on. Ul6mately, 

this capability in real-6me trapping and super-resolu6on analysis not only advances 

the scien6fic understanding of nanoplas6c pollu6on but also contributes to more 

effec6ve environmental protec6on and sustainability efforts. 

Real-'me nano Raman spectroscopy: The integra6on of real-6me nano-Raman 

spectroscopy into exis6ng nanoimaging and nanomanufacturing systems. This 

integra6on aims to enhance the capabili6es of these systems by providing detailed, 

real-6me material characteriza6on at the nanoscale. The proposed development 

involves the careful design and engineering of a compact Raman spectrometer that 

can be integrated seamlessly without compromising the high-resolu6on capabili6es of 

current technologies. 

To achieve this, it is essen6al to modify exis6ng nanoimaging systems to accommodate 

the new Raman spectroscopy module. This step will ensure that the integra6on not 

only enhances the imaging capabili6es but also maintains the system's exis6ng 

func6onali6es. Calibra6on and valida6on of the system are necessary to ensure the 

accuracy and reproducibility of the Raman signals at such small scales. This process 

will involve conduc6ng a series of calibra6on procedures followed by tes6ng the 

system with known materials and nanostructures. Once calibrated, the system will 
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undergo rigorous applica6on tes6ng and refinement in real-world scenarios to gauge 

its effec6veness and reliability. 

 

7.2.2  Machine learning assisted SuperNANO system 

To increase throughput and efficiency in imaging processes, the transi6on from a single 

microsphere to a 3x3 microsphere array is proposed, which could poten6ally increase 

imaging speed by at least nine 6mes (see Fig. 7.2-1). Further improvements may 

include expanding the array size, con6ngent on successful op6miza6on of the 

manufacturing and imaging protocols. 

 

 

Figure 7.2-1 (a) Unibody integrated objec6ve, (b) Bangor microsphere nanoscope, (c) 

Deep learning network. 

 

Parallel efforts will address the challenge of enhancing low-contrast images obtained 

through the microsphere lens array, where previous rule-based image processing 

methods have failed. A machine learning model will be developed and trained to 

elevate the quality of these images to levels comparable with those acquired through 
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SEM. This training will u6lize a combina6on of lower-quality microsphere nanoscope 

(MSN) images and higher-quality SEM images, employing techniques such as image 

data augmenta6on to enrich the training dataset. Upon successful offline tes6ng, this 

model will be deployed for real-6me enhancement in the online nanoscope system. 

Addi6onally, the applica6on of deep learning in the inverse design of photonic 

structures is planned, leveraging extensive nanoscopy image data collected from both 

the microsphere nanoscope and SEM. This ini6a6ve aims to enable the rapid and 

precise development of photonic structures, enhancing the ability to innovate within 

the field of photonics. These strategic enhancements and innova6ons are poised to 

advance nanoplas6c research and photonic technology development, merging 

advanced imaging and computa6onal methods for groundbreaking applica6ons. 

 

7.2.3  Modelling and simula1on of nanostructured fiber gra1ng sensor 

The ini6al simula6ons of nanostructured LPG conducted in MATLAB provided only 
preliminary, approximate es6mates. To achieve a more detailed and accurate analysis, 
it is planned to u6lize COMSOL Mul6physics for advanced modeling and simula6on. 
This future work will focus on two main configura6ons: a FBG with a nanostructured 
core, and an LPG with nanostructured cladding. U6lizing COMSOL’s full-wave 
simula6on capabili6es will allow for a comprehensive study of the op6cal proper6es 
and performance enhancements possible with nanostructuring. This approach aims to 
provide deeper insights into the interac6on between light and the nano-engineered 
structures within the fiber op6cs, poten6ally leading to innova6ve applica6ons in 
sensing technology. 
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Appendix A: 

MATLAB code of FZP simula1on 
 

% Laser fabricated Fresnel zone plates 

% Black-transmibng zone, White-blocking zone 

clc,clear; 

close all; 

 

f=1; % Focal length(mm) 

wavelen=640; % Light Wavelength(nm) 

m=101; % Number of zones 

 

for n=1:m 

    r(n)=(f*10^3*n*wavelen*10^(-3)+(n^2*(wavelen*10^(-3))^2)/4)^0.5; 

    s(n)=pi*(r(n))^2 

end 

 

size=1; % Pixel size(μm) 

linespa=0; % Line width of laser(μm) 

resol=2; % Laser resolu6on(μm) 

 

S=pi*(r(m))^2; 

Df=(wavelen*f)/(f*n*wavelen+((n^2*(wavelen*10^(-3))^2)/4))^0.5; 

Res=r(m)-r(m-1); 

fix=linespa/2; 

 

if m<2 

    error('Error! m at least 2!') 
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end 

 

if mod(m,2)==0 

    for k=0:(m/2-1) 

        R_black=r(m-2*k)-fix; 

        R_white=r(m-(2*k+1))+fix; 

        if R_white>=R_black 

            break; 

        end 

        theta=0:0.01:2*pi; 

        x1=R_white*sin(theta); 

        y1=R_white*cos(theta); 

        x2=R_black*sin(theta); 

        y2=R_black*cos(theta); 

        plot(x2,y2,'k') 

        fill(x2,y2,'k') 

        hold on 

        plot(x1,y1,'w') 

        fill(x1,y1,'w') 

        xlabel('μm','FontSize',18); 

        ylabel('μm','FontSize',18); 

        6tle(['FZP with ',num2str(m),' zones'],'FontSize',20); 

        axis([-r(m) r(m) -r(m) r(m)]); 

        axis equal 

    end 

    S_odd=s(1:2:end); 

    S_even=s(2:2:end); 

    S_tran=(sum(S_even)-sum(S_odd))/S; 

    if R_white<R_black 

        fprinS('Radius of each ring(μm):'); 
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        disp(r); 

        pixel_white=round((r(1:2:end)+fix)*2/size); 

        fprinS('Pixel Number White:'); 

        disp(pixel_white); 

        pixel_black=round((r(2:2:end)-fix)*2/size); 

        fprinS('Pixel Number Black:'); 

        disp(pixel_black); 

        fprinS('Total radius(μm):'); 

        disp(r(m)); 

        fprinS('Transmission area propor6on:'); 

        disp(S_tran); 

        fprinS('Width of outermost ring(μm):'); 

        disp(Res); 

        fprinS('Diameter of primary focal point(μm):'); 

        disp(Df); 

    else 

        disp('Error! Over-fixed,please reduce m!'); 

    end 

    if Res<resol 

        fprinS('Warning! Resolu6on does not match! ') 

    end 

     

else 

    R_black_m=r(m)-fix; 

    theta=0:0.01:2*pi; 

    x0=R_black_m*sin(theta); 

    y0=R_black_m*cos(theta); 

    plot(x0,y0,'k') 

    fill(x0,y0,'k') 

    hold on 
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    axis equal 

    for k=0:((m-1)/2-1) 

        R_black=r(m-1-(2*k+1))-fix; 

        R_white=r(m-1-2*k)+fix; 

        if R_white>=R_black_m 

            break; 

        end 

        x1=R_black*sin(theta); 

        y1=R_black*cos(theta); 

        x2=R_white*sin(theta); 

        y2=R_white*cos(theta); 

        plot(x2,y2,'w') 

        fill(x2,y2,'w') 

        hold on 

        plot(x1,y1,'k') 

        fill(x1,y1,'k') 

        xlabel('μm','FontSize',18); 

        ylabel('μm','FontSize',18); 

        6tle(['FZP with ',num2str(m),' zones'],'FontSize',20); 

        axis([-r(m) r(m) -r(m) r(m)]); 

        axis equal 

    end 

    S_odd=s(1:2:end); 

    S_even=s(2:2:end); 

    S_tran=(sum(S_odd)-sum(S_even))/S; 

    if R_white<R_black_m 

        fprinS('Radius of each ring(μm):'); 

        disp(r); 

        pixel_black=round((r(1:2:end)-fix)*2/size); 

        fprinS('Pixel Number Black:'); 
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        disp(pixel_black); 

        pixel_white=round((r(2:2:end)+fix)*2/size); 

        fprinS('Pixel Number White:'); 

        disp(pixel_white); 

        fprinS('Total radius(μm):'); 

        disp(r(m)); 

        fprinS('Transmission area propor6on:'); 

        disp(S_tran); 

        fprinS('Width of outermost ring(μm):'); 

        disp(Res); 

        fprinS('Diameter of primary focal point(μm):'); 

        disp(Df); 

    else 

        close all; 

        disp('Error! Over-fixed, please reduce m!'); 

    end 

    if Res<resol 

        fprinS('Warning! Resolu6on does not match! ') 

    end     

end 
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% Laser line matched fabricated Fresnel zone plates 

% Black-transmibng zone, White-blocking zone 

clc,clear; 

close all; 

 

f=20; % Focal length(mm) 

wavelen=640; % Light Wavelength(nm) 

m=15; % Number of zones 

 

for n=1:m 

    r(n)=(f*10^3*n*wavelen*10^(-3)+(n^2*(wavelen*10^(-3))^2)/4)^0.5; 

    s(n)=pi*(r(n))^2 

end 

 

size=1; % Pixel size(μm) 

linespa=2; % Line width of laser(μm) 

resol=2; % Laser resolu6on(μm) 

 

S=pi*(r(m))^2; 

Df=(wavelen*f)/(f*n*wavelen+((n^2*(wavelen*10^(-3))^2)/4))^0.5; 

Res=r(m)-r(m-1); 

fix=linespa/2; 

 

if m<2 

    error('Error! m at least 2!') 

end 

 

if mod(m,2)==0 

    for k=0:(m/2-1) 
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        R_black=r(m-2*k)-fix; 

        R_white=r(m-(2*k+1))+fix; 

        if R_white>=R_black 

            break; 

        end 

        a=mod((R_black-R_white),linespa); 

        b=((R_black-R_white)-a)/linespa; 

        theta=0:0.001:2*pi; 

        x1=R_white*sin(theta); 

        y1=R_white*cos(theta); 

        x2=R_black*sin(theta); 

        y2=R_black*cos(theta); 

        for i=1:b 

            xn=(R_white+i*linespa)*sin(theta); 

            yn=(R_white+i*linespa)*cos(theta); 

            plot(xn,yn,'k','linewidth',0.0001); 

            hold on 

        end 

        plot(x1,y1,'k','linewidth',0.0001); 

        hold on 

        plot(x2,y2,'k','linewidth',0.0001); 

        hold on 

        xlabel('μm','FontSize',18); 

        ylabel('μm','FontSize',18); 

        6tle(['FZP with ',num2str(m),' zones'],'FontSize',20); 

        axis([-r(m) r(m) -r(m) r(m)]); 

        axis equal 

%         axis off 

    end 
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    S_odd=s(1:2:end); 

    S_even=s(2:2:end); 

    S_tran=(sum(S_even)-sum(S_odd))/S; 

    if R_white<R_black 

        fprinS('Radius of each ring(μm):'); 

        disp(r); 

        pixel_white=round((r(1:2:end)+fix)*2/size); 

        fprinS('Pixel Number White:'); 

        disp(pixel_white); 

        pixel_black=round((r(2:2:end)-fix)*2/size); 

        fprinS('Pixel Number Black:'); 

        disp(pixel_black); 

        fprinS('Total radius(μm):'); 

        disp(r(m)); 

        fprinS('Transmission area propor6on:'); 

        disp(S_tran); 

        fprinS('Width of outermost ring(μm):'); 

        disp(Res); 

        fprinS('Diameter of primary focal point(μm):'); 

        disp(Df); 

    else 

        disp('Error! Over-fixed,please reduce m!'); 

    end 

    if Res<resol 

        fprinS('Warning! Resolu6on does not match! ') 

    end 

%     print('111','-dbitmap','-r200'); 

else 

    R_black=r(1)-fix; 
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    theta=0:0.001:2*pi; 

    a=mod(R_black,linespa); 

    b=(R_black-a)/linespa; 

    plot(R_black*sin(theta),R_black*cos(theta),'k','linewidth',0.0001); 

    hold on 

        for i=1:b 

            xn1=(i*linespa)*sin(theta); 

            yn1=(i*linespa)*cos(theta); 

            plot(xn1,yn1,'k','linewidth',0.0001); 

            hold on 

        end 

    for k=1:(m-1)/2 

        R_white=r(2*k)+fix; 

        R_black=r(2*k+1)-fix; 

        c=mod((R_black-R_white),linespa); 

        d=((R_black-R_white)-c)/linespa; 

        for j=1:d 

            xn=(R_white+j*linespa)*sin(theta); 

            yn=(R_white+j*linespa)*cos(theta); 

            plot(xn,yn,'k','linewidth',0.0001); 

            hold on 

        end 

        if R_white>r(m) 

            break; 

        end 

        x1=R_black*sin(theta); 

        y1=R_black*cos(theta); 

        x2=R_white*sin(theta); 

        y2=R_white*cos(theta); 
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        plot(x1,y1,'k','linewidth',0.0001); 

        hold on 

        plot(x2,y2,'k','linewidth',0.0001); 

        xlabel('μm','FontSize',18); 

        ylabel('μm','FontSize',18); 

        6tle(['FZP with ',num2str(m),' zones'],'FontSize',20); 

        axis([-r(m) r(m) -r(m) r(m)]); 

        axis equal 

%         axis off 

    end 

    S_odd=s(1:2:end); 

    S_even=s(2:2:end); 

    S_tran=(sum(S_odd)-sum(S_even))/S; 

    if R_white>r(m) 

        close all; 

        disp('Error! Over-fixed, please reduce m!'); 

    else 

        fprinS('Radius of each ring(μm):'); 

        disp(r); 

        pixel_black=round((r(1:2:end)-fix)*2/size); 

        fprinS('Pixel Number Black:'); 

        disp(pixel_black); 

        pixel_white=round((r(2:2:end)+fix)*2/size); 

        fprinS('Pixel Number White:'); 

        disp(pixel_white); 

        fprinS('Total radius(μm):'); 

        disp(r(m)); 

        fprinS('Transmission area propor6on:'); 

        disp(S_tran); 
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        fprinS('Width of outermost ring(μm):'); 

        disp(Res); 

        fprinS('Diameter of primary focal point(μm):'); 

        disp(Df); 

    end 

    if Res<resol 

        fprinS('Warning! Resolu6on does not match! ') 

    end 

%     print('222','-dbitmap','-r200'); 

end 
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Appendix B:  

MATLAB code of FBG simula1on 
 

func6on [T]=Transmit_Matrix(lambda,lambda_Bragg,L,n_eff,delta_neff,num) 

% wave detuning parameter 

beta=2*pi*n_eff*(1./lambda-1/lambda_Bragg); 

% coupling coefficien 

kappa=pi*delta_neff./lambda; 

gamma=sqrt(kappa.^2-beta.^2); 

% transmission matrix 

t11(num)=cosh(gamma(num)*L)-i*(beta(num)/gamma(num))*sinh(gamma(num)*L); 

t12(num)=-i*(kappa(num)/gamma(num))*sinh(gamma(num)*L); 

t21(num)=i*(kappa(num)/gamma(num))*sinh(gamma(num)*L); 

t22(num)=cosh(gamma(num)*L)+i*(beta(num)/gamma(num))*sinh(gamma(num)*L); 

T=[t11(num) t12(num);t21(num) t22(num)]; 

 

% reflec6vity R=(abs(-T(2,1)/T(1,1)))^2 

% Maximum reflec6vity R_max=(tanh(kappa*L))^2 

end 
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% FBG Reflec6on simula6on 

% FBG typical core & cladding RI difference: About 1e-2 

% FBG typical index modula6on e-5~e-3 

clc,clear; 

close all; 

 

period=0.515e-6; % Set gra6ng period(m) 

L=17e-3; % Set gra6ng length(m) 

n_eff=1.50288; % Set effec6ve refrac6ve index 

delta_neff=0.00008; % Set index modula6on 

wl_start=1547; 

wl_end=1549; 

 

lambda_Bragg=2*n_eff*period; 

lambda=1e-9*linspace(wl_start,wl_end,1000); 

for num=1:1000 

    T=Transmission_Matrix(lambda,lambda_Bragg,L,n_eff,delta_neff,num); 

    r(num)=T(2,1)/T(1,1); 

    R(num)=(abs(-r(num)))^2; 

end 

 

subplot(2,1,2) 

plot(lambda*1e9,R,'linewidth',1);  

axis([wl_start wl_end 0 1]); 

6tle('The Reflec6on Spectrum of FBG','fontsize',12);  

xlabel('Wavelength (nm)','fontsize',10);  

ylabel('Reflec6vity','fontsize',10);  

grid on 

 

subplot(2,1,1) 
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plot(lambda*1e9,1-R,'r','linewidth',1);  

axis([wl_start wl_end 0 1]); 

6tle('The Transmission Spectrum of FBG','fontsize',12);  

xlabel('Wavelength (nm)','fontsize',10);  

ylabel('Transmi?ance','fontsize',10);  

grid on 

 

format short 

fprinS('FBG Parameters:'); 

fprinS('\n\n'); 

fprinS('Bragg Wavelength(nm)--'); 

disp(lambda_Bragg*1e9); 

fprinS('Gra6ng Period(μm)--'); 

disp(period*1e6); 

fprinS('Gra6ng Length(mm)--'); 

disp(L*1e3); 

fprinS('Index Modula6on--'); 

disp(delta_neff); 
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Appendix C: 

MATLAB code of LPG simula1on 
 

func6on f_core=CoreFormula(wl,neff,n1,n2,a1) 

% (1) 

% Free-space wave number 

k0=2*pi/wl; 

% Normalized effec6ve index 

b=(neff^2-n2^2)/(n1^2-n2^2); 

% V number of the fiber at wavelength 

v=k0*a1*sqrt(n1^2-n2^2); 

% Core coupling mode LP01 dispersion equa6on 

R=v*sqrt(1-b); 

B=v*sqrt(b); 

f_core=(R*besselj(1,R)/besselj(0,R))-(B*besselk(1,B)/besselk(0,B)); 
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func6on neffcore=CoreDichotamy(a,b,wl,n1,n2,a1,err) 

% Dichotomy program 

fun=@CoreFormula; 

format long 

f1=feval(fun,wl,a,n1,n2,a1); 

f2=feval(fun,wl,b,n1,n2,a1); 

if f1.*f2>0 

    disp('Note: f1*f2>0')  

else 

    max=real(1+round((log(a-b)-log(err))/log(2))); 

    for k=1:max 

        neffcore=(a+b)./2; 

        f3=feval(fun,wl,neffcore,n1,n2,a1); 

        if f3==0 

            a=neffcore; 

            b=neffcore; 

        elseif f2.*f3>0 

            b=neffcore; 

            f2=f3;  

        else 

            a=neffcore; 

            f1=f3;  

        end 

        if abs(b-a)<err,break,end  

    end 

    neffcore=(a+b)/2; 

    err=abs(b-a); 

    f3=feval(fun,wl,neffcore,n1,n2,a1); 

end 
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func6on f_clad=CladdingFormula(n1,n2,n3,a1,a2,wl,nu,neff) 

% Core coupling mode dispersion equa6on & parameters 

% Paper_LPGCladdingNeffPrinciple 

% (9) 

% Free-space wave number 

k0=2*pi/wl; 

% (7) 

% Ra6o of cladding & core radius 

alpha=a2/a1; 

% (5) 

% Layer phase parameters 

u1=k0.*a1.*sqrt(n1^2-neff.^2); 

u2=k0.*a1.*sqrt(n2^2-neff.^2); 

w3=k0.*a2.*sqrt(neff.^2-n3^2); 

% (9) 

% Other parameters 

s21=(n2/n1)^2; 

s23=(n2/n3)^2; 

v12=k0*a1*sqrt(n1^2-n2^2); 

v23=k0*a2*sqrt(n2^2-n3^2); 

x1=n1.*u1.^2.*u2.^2./(nu.*v12^2.*neff); 

x2=n3.*alpha^2.*u2.^2.*w3.^2./(nu.*v23^2.*neff); 

% (7) 

% First-order Bessel func6on 

J=(-besselj(nu+1,u1)+nu./u1.*besselj(nu,u1))./(u1.*besselj(nu,u1)); 

% Third-order Bessel func6on 

K=(-besselk(nu+1,w3)+nu./w3.*besselk(nu,w3))./(w3.*besselk(nu,w3)); 

% (9) 

% Cross products of Bessel func6on 

p=besselj(nu,alpha.*u2).*bessely(nu,u2)-besselj(nu,u2).*bessely(nu,alpha.*u2); 
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q=besselj(nu,alpha.*u2).*(-bessely(nu+1,u2)+nu./u2.*bessely(nu,u2))-(-
besselj(nu+1,u2)+nu./u2.*besselj(nu,u2)).*bessely(nu,alpha.*u2); 

r=(-
besselj(nu+1,alpha.*u2)+nu./(alpha.*u2).*besselj(nu,alpha.*u2)).*bessely(nu,u2)-
besselj(nu,u2).*(-bessely(nu+1,alpha.*u2)+nu./(alpha.*u2).*bessely(nu,alpha.*u2)); 

s=(-besselj(nu+1,alpha.*u2)+nu./(alpha.*u2).*besselj(nu,alpha.*u2)).*(-
bessely(nu+1,u2)+nu./u2.*bessely(nu,u2))-(-
besselj(nu+1,u2)+nu./u2.*besselj(nu,u2)).*(-
bessely(nu+1,alpha.*u2)+nu./(alpha.*u2).*bessely(nu,alpha.*u2)); 

 

L1=p.^2+2.*x1.*x2.*(n2^2/(n1*n3)).*(2./(pi.*alpha.*u2.^2)).^2; 

L2=x1.^2.*x2.^2.*(J.*(r./(alpha.*u2)+K.*p)-(K.*q./u2+s./(alpha.*u2.^2)));  

L3=J.*(s23.*r./(alpha.*u2)+K.*p)-s21.*(K.*q./u2+s23.*s./(alpha.*u2.^2)); 

L_All=L1+L2.*L3; 

 

R1=x1.^2.*(J.*p-s21.*q./u2).*(J.*p-q./u2); 

R2=x2.^2.*(K.*p+r./(alpha.*u2)).*(K.*p+s23.*r./(alpha.*u2)); 

R_All=R1+R2; 

 

f_clad=L_All-R_All; 
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func6on neffcladding=CladdingDichotamy(n1,n2,n3,a1,a2,wl,nu,n2_threshold) 

% Dichotomy program 

f=@CladdingFormula; 

format long 

flag=1e-5; 

num=0; 

err=1e-10; 

neff1=n2; 

neff3=n2_threshold; 

neff2=neff1-flag; 

a=neff1; 

b=neff2; 

 

while b>neff3 

    fa=feval(f,n1,n2,n3,a1,a2,wl,nu,a); 

    ª=feval(f,n1,n2,n3,a1,a2,wl,nu,b); 

    c=(a+b)./2; 

    if fa.*ª<0 

        max=1+round(log2(abs(a-b)./err)-1); 

        for j=1:max 

            c=(a+b)./2; 

            fc=feval(f,n1,n2,n3,a1,a2,wl,nu,c); 

            if fa.*fc==0 

                a=c; 

                b=c; 

            elseif fa.*fc<0 

                b=c; 

                c=(a+b)./2; 

                ª=fc; 

            else 
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                a=c; 

                c=(a+b)./2; 

                fa=fc; 

            end 

            if abs(a-b)<err,break,end 

        end 

        num=num+1; 

        neff(num)=c; 

    end 

    a=c; 

    b=b-flag; 

end 

 

order=size(neff); 

m=1; 

n=0; 

while (m~=n) 

    m=order(2); 

    for ii=1:m-1 

        if abs(neff(ii)-neff(ii+1))<flag 

            neff(ii+1)=0; 

        end 

    end 

    neff=neff(find(neff)); 

    order=size(neff); 

    n=order(2); 

end 

neffcladding=neff; 
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func6on E=ElectricField_Cladding(r) 

global a1 a2 n1 n2 n3 wl nu neff_cladding_i zeta_i; 

% Free-space wave number 

k0=2.*pi./wl; 

% (4) 

% Electromagne6c impedance in vacuum 

z0=377; 

% (8)(9) 

% Slowly varying envelope of the gra6ng 

sigma1=i.*nu.*neff_cladding_i./z0; 

sigma2=i.*nu.*neff_cladding_i.*z0; 

% (10)(11)(12)(13) 

% Layer phase parameters 

u1=k0.*sqrt(n1^2-neff_cladding_i.^2); 

u2=k0.*sqrt(n2^2-neff_cladding_i.^2); 

w3=k0.*sqrt(neff_cladding_i.^2-n3.^2); 

u21=(1./u2).^2-(1./u1).^2; 

u32=(1./w3).^2+(1./u2).^2; 

% (14) 

% First-order Bessel func6on 

J=(-besselj(nu+1,u1.*a1)+nu./(u1.*a1).*besselj(nu,u1.*a1))./(u1.*besselj(nu,u1.*a1)); 

% (A7)(A8) 

% Define quan66es 

F2=J-u21.*sigma2.*zeta_i./(n1.^2.*a1); 

G2=J.*zeta_i+u21.*sigma1./a1; 

% (16)(17)(18)(19) 

% Cross products of Bessel func6on 

y1=besselj(nu,u2.*r).*bessely(nu,u2.*a1)-besselj(nu,u2.*a1).*bessely(nu,u2.*r); 

y2=besselj(nu,u2.*r).*(bessely(nu-1,u2.*a1)-nu./(u2.*a1).*bessely(nu,u2.*a1))-
(besselj(nu-1,u2.*a1)-nu./(u2.*a1).*besselj(nu,u2.*a1)).*bessely(nu,u2*r); 
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y3=(besselj(nu-1,u2.*r)-nu./(u2.*r).*besselj(nu,u2.*r)).*bessely(nu,u2.*a1)-
besselj(nu,u2.*a1).*(bessely(nu-1,u2.*r)-nu./(u2.*r).*bessely(nu,u2.*r)); 

y4=(besselj(nu-1,u2*r)-nu./(u2.*r).*besselj(nu,u2.*r)).*(bessely(nu-1,u2.*a1)-
nu./(u2.*a1).*bessely(nu,u2.*a1))-(besselj(nu-1,u2.*a1)-
nu./(u2.*a1).*besselj(nu,u2.*a1)).*(bessely(nu-1,u2.*r)-
nu./(u2.*r).*bessely(nu,u2.*r)); 

% (A1)(A2)(A4)(A5)(26) 

% Electric field 

Eclr2=i.*(pi.*a1.*u1.^2.*besselj(1,u1.*a1)./2).*(-F2.*y1./r+y2./(u2.*r)-
sigma2./n2.^2.*(u2.*G2.*y3-n2.^2.*zeta_i.*y4./n1.^2)); 

Eclphi2=(pi.*a1.*u1.^2.*besselj(1,u1.*a1)/2).*(sigma2./n2.^2.*(G2.*y1./r-
n2.^2.*zeta_i.*y2./(n1.^2.*u2.*r))+u2.*F2.*y3-y4); 

Hclr2=(pi.*a1.*u1.^2.*besselj(1,u1.*a1)/2).*(-
i.*G2.*y1./r+i.*n2.^2.*zeta_i.*y2./(n1.^2.*u2.*r)+i.*sigma1.*(u2.*F2.*y3-y4)); 

Hclphi2=i.*(pi.*a1.*u1.^2.*besselj(1,u1.*a1)./2).*(i.*sigma1.*(F2.*y1./r-y2./(u2.*r))-
i.*u2.*G2.*y3+i.*n2.^2.*zeta_i.*y4./n1.^2); 

E=r.*(Eclr2.*conj(Hclphi2)-conj(Hclr2).*Eclphi2); 
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% LPG core effec6ve refrac6ve index solving 

% LPG ypical core & cladding RI difference: 3e-3~5e-3 

% LPG typical change in refrac6ve index e-5~e-3 

clc,clear; 

close all; 

 

format long 

global a1 a2 n1 n2 n3 wl nu neff_cladding_i zeta_i 

wl_start=1520; 

wl_end=1570; 

N=200; % Sampling number 

wavelength=linspace(wl_start,wl_end,N).*1e-9; 

n1=1.45594; % Core refrac6ve index 

n2=1.45; % Cladding refrac6ve index 

n3=1.0; % Surrounding refrac6ve index 

a1=4.1e-6; % Fiber core radius 

a2=60e-6; % Fiber cladding radius 

nu=1; % Bessel azimuthal number 

period=500e-6; % Gra6ng period 

L=20e-3; % Gra6ng length 

delta_n1=1e-4; % Index modula6on 

mode_order=7; % Mode order number 

err=1e-10; 

 

% Define cladding neff threshold 

wl_sample=wavelength(N); 

n2_threshold=n2-0.005; 

while(1) 

    
neff_cl_threshold=CladdingDichotamy(n1,n2,n3,a1,a2,wl_sample,nu,n2_threshold); 
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    i_mode=size(neff_cl_threshold); 

    if i_mode(2)<mode_order 

        n2_threshold=n2-0.005; 

    else 

        break; 

    end 

end 

n2_threshold=neff_cl_threshold(mode_order)-1e-5; 

 

% Determine neff of core and cladding for each mode 

for i_wl=1:N 

    wl=wavelength(i_wl); 

    k0_i(i_wl)=2.*pi./wavelength(i_wl); 

    neff_core(1,i_wl)=CoreDichotamy(n2,n1,wl,n1,n2,a1,err); 

    neff_cladding=CladdingDichotamy(n1,n2,n3,a1,a2,wl,nu,n2_threshold); 

    for i_num=1:mode_order 

        neff_cl(i_num,i_wl)=neff_cladding(i_num); 

    end 

end 

 

% Uniform dimension 

for i_num=1:mode_order 

    k0(i_num,:)=k0_i; 

    neff_co(i_num,:)=neff_core; 

end 

 

% (4) 

% Electromagne6c impedance in vacuum 

z0=377; 
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% Index modula6on 

sigma_z=delta_n1./n1; 

 

deta=(n1-n2)./n1; 

 

% (1) 

% V number of the fiber at wavelength 

v=k0.*a1.*sqrt(n1.^2-n2.^2); 

 

% Normalized effec6ve index 

b=(neff_co.^2-n2.^2)./(n1.^2-n2.^2); 

 

% (8)(9) 

% Slowly varying envelope of the gra6ng 

sigma1=i.*nu.*neff_cl./z0; 

sigma2=i.*nu.*neff_cl.*z0; 

 

% (10)(11)(12)(13) 

% Layer phase parameters 

u1=k0.*sqrt(n1.^2-neff_cl.^2); 

u2=k0.*sqrt(n2.^2-neff_cl.^2); 

w3=k0.*sqrt(neff_cl.^2-n3^2); 

u21=(1./u2).^2-(1./u1).^2; 

u32=(1./w3).^2+(1./u2).^2; 

 

% (14)(15) 

% First-order Bessel func6on 

J=(-besselj(nu+1,u1.*a1)+nu./(u1.*a1).*besselj(nu,u1.*a1))./(u1.*besselj(nu,u1.*a1)); 

% Third-order Bessel func6on 

K=(-
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besselk(nu+1,w3.*a2)+nu./(w3.*a2).*besselk(nu,w3.*a2))./(w3.*besselk(nu,w3.*a2)); 

 

% (16)(17)(18)(19) 

% Cross products of Bessel func6on 

pl=besselj(nu,u2.*a2).*bessely(nu,u2.*a1)-besselj(nu,u2.*a1).*bessely(nu,u2.*a2); 

ql=besselj(nu,u2.*a2).*(-bessely(nu+1,u2.*a1)+nu./(u2.*a1).*bessely(nu,u2.*a1))-(-
besselj(nu+1,u2.*a1)+nu./(u2.*a1).*besselj(nu,u2.*a1)).*bessely(nu,u2.*a2); 

rl=(-besselj(nu+1,u2.*a2)+nu./(u2.*a2).*besselj(nu,u2.*a2)).*bessely(nu,u2.*a1)-
besselj(nu,u2.*a1).*(-bessely(nu+1,u2.*a2)+nu./(u2.*a2).*bessely(nu,u2.*a2)); 

sl=(-besselj(nu+1,u2.*a2)+nu./(u2.*a2).*besselj(nu,u2.*a2)).*(-
bessely(nu+1,u2.*a1)+nu./(u2.*a1).*bessely(nu,u2.*a1))-(-
besselj(nu+1,u2.*a1)+nu./(u2.*a1).*besselj(nu,u2.*a1)).*(-
bessely(nu+1,u2.*a2)+nu./(u2.*a2).*bessely(nu,u2.*a2)); 

 

% (6) 

% Dispersion rela6on leo 

zeta=1./sigma2.*(((u2.*pl.*(J.*K+sigma1.*sigma2.*u21.*u32./(n2^2*a1*a2)))+(-
K.*ql+J.*rl-sl./u2))./((-u2.*pl.*((u32./(n2^2*a2).*J-
(u21./(n1^2.*a1).*K))))+(u32.*ql./(n1^2*a2)+u21.*rl./(n1^2*a1)))); 

 

% (B2) 

% P1(=E1v^2*p1) 

p11=neff_cl./z0-neff_cl.*z0.*zeta.^2./n1.^2+(1+neff_cl.^2./n1.^2).*imag(zeta); 

p12=besselj(2,u1.*a1).^2-besselj(1,u1.*a1).*besselj(3,u1.*a1); 

p13=neff_cl./z0-neff_cl.*z0.*zeta.^2./n1.^2-(1+neff_cl.^2./n1.^2).*imag(zeta); 

p14=besselj(0,u1.*a1).^2+besselj(1,u1.*a1).^2; 

p1=pi.*a1.^2.*u1.^2./4.*(p11.*p12+p13.*p14); 

 

% (B3) 

% P2(=E1v^2*p2) 

for i_num=1:mode_order 

    for i_wl=1:N 
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        wl=wavelength(i_wl); 

        zeta_i=zeta(i_num,i_wl); 

        neff_cladding_i=neff_cl(i_num,i_wl); 

        p2(i_num,i_wl)=real(pi.*quadl(@ElectricField_Cladding,a1,a2)); 

    end 

end 

 

% (A7)(A8)(A15)(A16) 

% Define quan66es 

F2=J-u21.*sigma2.*zeta./(n1^2.*a1); 

G2=zeta.*J+u21.*sigma1./a1; 

F3=-F2.*pl+1./u2.*ql; 

G3=-n3.^2./n2.^2.*(G2.*pl-n2.^2./n1.^2.*zeta./u2.*ql); 

 

% (B16) 

% P3(=E1v^2*p3) 

p31=neff_cl.*z0.*G3.^2./n3.^2-neff_cl./z0.*F3.^2-
(1+neff_cl.^2./n3.^2).*F3.*imag(G3); 

p32=besselk(2,w3.*a2).^2-besselk(1,w3.*a2).*besselk(3,w3.*a2); 

p33=neff_cl.*z0.*G3.^2./n3.^2-
neff_cl./z0.*F3.^2+(1+neff_cl.^2./n3.^2).*F3.*imag(G3); 

p34=besselk(0,w3.*a2).^2-besselk(1,w3.*a2).^2; 

p3=pi.^3.*(a1.*a2).^2.*(u1.*u2).^4.*besselj(1,u1.*a1).^2./(16.*w3.^2.*besselk(1,w3
.*a2).^2).*(p31.*p32+p33.*p34); 

E1v=1./sqrt(p1+p2+p3); 

 

% (36) 

% Coupling coefficient of core and cladding 

kappa_cl_co=sigma_z.*k0.*sqrt(pi.*b./(z0.*n2.*sqrt(1+2.*b.*deta))).*n1.^2.*u1./(u1
.^2-v.^2.*(1-
b)./a1.^2).*(1+sigma2.*zeta./n1.^2).*E1v.*(u1.*besselj(1,u1.*a1).*besselj(0,v.*sqrt(
1-b))./besselj(1,v.*sqrt(1-b))-v.*sqrt(1-b).*besselj(0,u1.*a1)./a1); 
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kappa_co_co=sigma_z.*k0.*n1.^2.*b./(n2.*sqrt(1+2.*b.*deta)).*(1+besselj(0,v.*sqrt
(1-b)).^2./besselj(1,v.*sqrt(1-b)).^2); 

 

% Paper_FiberGra6ngSpectra 

% (5) 

% Mode propaga6on constant 

beta_co=k0.*neff_co; 

beta_cl=k0.*neff_cl; 

 

% (37) 

% Detuning parameter 

delta=1./2.*(beta_co-beta_cl)-pi./period; 

 

% (36) 

% Self-coupling coefficient 

sigma=delta+1./2*kappa_co_co; 

 

% (38) 

% LPG transmi?ance at a wavelength 

ka_hole=1.*kappa_cl_co; 

T=(cos(sqrt(ka_hole.^2+sigma.^2).*L)).^2+(sin(sqrt(ka_hole.^2+sigma.^2).*L)).^2.*si
gma.^2./(sigma.^2+ka_hole.^2); 

 

% Uniform dimension & superposi6on 

t=ones(1,N); 

for i_wl=1:N 

   for i_num=1:mode_order 

       t(1,i_wl)=T(i_num,i_wl)*t(1,i_wl); 

   end 

end 
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Transmission=10.*log10(t); 

 

% Plot transmission figure 

plot(wavelength.*1e9,Transmission,'r','linewidth',1.5); 

6tle('The Transmission Spectrum of LPG','fontsize',18);  

xlabel('Wavelength(nm)','fontsize',15); 

ylabel('Transmission(dB)','fontsize',15); 

axis([wl_start wl_end -inf inf]); 

grid on; 
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clc,clear; 

close all; 

 

format long 

global a1 a2 n1 n2 n3 wl nu neff_cladding_i zeta_i 

wl_start=1530; 

wl_end=1550; 

N=2000; 

wavelength=linspace(wl_start,wl_end,N).*1e-9; 

n1=1.455941; 

n2=1.45; 

a1=4.1e-6; 

a2=60e-6; 

nu=1; 

period=444e-6; 

L=40e-3; 

delta_n1=1e-4; 

mode_order=7; 

err=1e-10; 

Array=[1.0 1.33 1.4 1.405 1.41 1.415 1.42 1.425 1.43 1.435 1.44 1.445]; 

% Array=[1.0 1.33]; % Test array 

M=size(Array); 

 

figure 

for i_n3=1:M(2) 

    n3=Array(i_n3); 

    wl_sample=wavelength(N); 

    n2_threshold=n2-0.005; 

    while(1) 
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neff_cl_threshold=CladdingDichotamy(n1,n2,n3,a1,a2,wl_sample,nu,n2_threshold); 

        i_mode=size(neff_cl_threshold); 

        if i_mode(2)<mode_order 

            n2_threshold=n2-0.005; 

        else 

            break; 

        end 

    end 

    n2_threshold=neff_cl_threshold(mode_order)-1e-5; 

    for i_wl=1:N 

        wl=wavelength(i_wl); 

        k0_i(i_wl)=2.*pi./wavelength(i_wl); 

        neff_core(1,i_wl)=CoreDichotamy(n2,n1,wl,n1,n2,a1,err); 

        neff_cladding=CladdingDichotamy(n1,n2,n3,a1,a2,wl,nu,n2_threshold); 

        for i_num=1:mode_order 

            neff_cl(i_num,i_wl)=neff_cladding(i_num); 

        end 

    end 

    for i_num=1:mode_order 

        k0(i_num,:)=k0_i; 

        neff_co(i_num,:)=neff_core; 

    end 

    z0=377; 

    sigma_z=delta_n1./n1; 

    deta=(n1-n2)./n1; 

    v=k0.*a1.*sqrt(n1.^2-n2.^2); 

    b=(neff_co.^2-n2.^2)./(n1.^2-n2.^2); 

    sigma1=i.*nu.*neff_cl./z0; 

    sigma2=i.*nu.*neff_cl.*z0; 

    u1=k0.*sqrt(n1.^2-neff_cl.^2); 
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    u2=k0.*sqrt(n2.^2-neff_cl.^2); 

    w3=k0.*sqrt(neff_cl.^2-n3.^2); 

    u21=(1./u2).^2-(1./u1).^2; 

    u32=(1./w3).^2+(1./u2).^2; 

    J=(-
besselj(nu+1,u1.*a1)+nu./(u1.*a1).*besselj(nu,u1.*a1))./(u1.*besselj(nu,u1.*a1)); 

    K=(-
besselk(nu+1,w3.*a2)+nu./(w3.*a2).*besselk(nu,w3.*a2))./(w3.*besselk(nu,w3.*a2)); 

    pl=besselj(nu,u2.*a2).*bessely(nu,u2.*a1)-
besselj(nu,u2.*a1).*bessely(nu,u2.*a2); 

    ql=besselj(nu,u2.*a2).*(-
bessely(nu+1,u2.*a1)+nu./(u2.*a1).*bessely(nu,u2.*a1))-(-
besselj(nu+1,u2.*a1)+nu./(u2.*a1).*besselj(nu,u2.*a1)).*bessely(nu,u2.*a2); 

    rl=(-
besselj(nu+1,u2.*a2)+nu./(u2.*a2).*besselj(nu,u2.*a2)).*bessely(nu,u2.*a1)-
besselj(nu,u2.*a1).*(-bessely(nu+1,u2.*a2)+nu./(u2.*a2).*bessely(nu,u2.*a2)); 

    sl=(-besselj(nu+1,u2.*a2)+nu./(u2.*a2).*besselj(nu,u2.*a2)).*(-
bessely(nu+1,u2.*a1)+nu./(u2.*a1).*bessely(nu,u2.*a1))-(-
besselj(nu+1,u2.*a1)+nu./(u2.*a1).*besselj(nu,u2.*a1)).*(-
bessely(nu+1,u2.*a2)+nu./(u2.*a2).*bessely(nu,u2.*a2)); 

    
zeta=1./sigma2.*(((u2.*pl.*(J.*K+sigma1.*sigma2.*u21.*u32./(n2^2*a1*a2)))+(-
K.*ql+J.*rl-sl./u2))./((-u2.*pl.*((u32./(n2^2*a2).*J-
(u21./(n1^2.*a1).*K))))+(u32.*ql./(n1^2*a2)+u21.*rl./(n1^2*a1)))); 

    p11=neff_cl./z0-neff_cl.*z0.*zeta.^2./n1.^2+(1+neff_cl.^2./n1.^2).*imag(zeta); 

    p12=besselj(2,u1.*a1).^2-besselj(1,u1.*a1).*besselj(3,u1.*a1); 

    p13=neff_cl./z0-neff_cl.*z0.*zeta.^2./n1.^2-(1+neff_cl.^2./n1.^2).*imag(zeta); 

    p14=besselj(0,u1.*a1).^2+besselj(1,u1.*a1).^2; 

    p1=pi.*a1.^2.*u1.^2./4.*(p11.*p12+p13.*p14); 

    for i_num=1:mode_order 

        for i_wl=1:N 

            wl=wavelength(i_wl); 

            zeta_i=zeta(i_num,i_wl); 

            neff_cladding_i=neff_cl(i_num,i_wl); 
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            p2(i_num,i_wl)=real(pi.*quadl(@ElectricField_Cladding,a1,a2)); 

        end 

    end 

    F2=J-u21.*sigma2.*zeta./(n1^2.*a1); 

    G2=zeta.*J+u21.*sigma1./a1; 

    F3=-F2.*pl+1./u2.*ql; 

    G3=-n3.^2./n2.^2.*(G2.*pl-n2.^2./n1.^2.*zeta./u2.*ql); 

    p31=neff_cl.*z0.*G3.^2./n3.^2-neff_cl./z0.*F3.^2-
(1+neff_cl.^2./n3.^2).*F3.*imag(G3); 

    p32=besselk(2,w3.*a2).^2-besselk(1,w3.*a2).*besselk(3,w3.*a2); 

    p33=neff_cl.*z0.*G3.^2./n3.^2-
neff_cl./z0.*F3.^2+(1+neff_cl.^2./n3.^2).*F3.*imag(G3); 

    p34=besselk(0,w3.*a2).^2-besselk(1,w3.*a2).^2; 

    
p3=pi.^3.*(a1.*a2).^2.*(u1.*u2).^4.*besselj(1,u1.*a1).^2./(16.*w3.^2.*besselk(1,w3
.*a2).^2).*(p31.*p32+p33.*p34); 

    E1v=1./sqrt(p1+p2+p3); 

    
kappa_cl_co=sigma_z.*k0.*sqrt(pi.*b./(z0.*n2.*sqrt(1+2.*b.*deta))).*n1.^2.*u1./(u1
.^2-v.^2.*(1-
b)./a1.^2).*(1+sigma2.*zeta./n1.^2).*E1v.*(u1.*besselj(1,u1.*a1).*besselj(0,v.*sqrt(
1-b))./besselj(1,v.*sqrt(1-b))-v.*sqrt(1-b).*besselj(0,u1.*a1)./a1); 

    
kappa_co_co=sigma_z.*k0.*n1.^2.*b./(n2.*sqrt(1+2.*b.*deta)).*(1+besselj(0,v.*sqrt
(1-b)).^2./besselj(1,v.*sqrt(1-b)).^2); 

    beta_co=k0.*neff_co; 

    beta_cl=k0.*neff_cl; 

    delta=1./2.*(beta_co-beta_cl)-pi./period; 

    sigma=delta+1./2*kappa_co_co; 

    
T=(cos(sqrt(kappa_cl_co.^2+sigma.^2).*L)).^2+(sin(sqrt(kappa_cl_co.^2+sigma.^2).*
L)).^2.*sigma.^2./(sigma.^2+kappa_cl_co.^2); 

    t=ones(1,N); 

    for i_wl=1:N 
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       for i_num=1:mode_order 

           t(1,i_wl)=T(i_num,i_wl)*t(1,i_wl); 

       end 

    end 

    Transmission=10.*log10(t); 

    plot(wavelength.*1e9,Transmission,'linewidth',1); 

    hold on 

    format short 

    fprinS('Simula6on completed for n3='); 

    disp(n3); 

    [y_min(i_n3) wl_cen(i_n3)]=min(Transmission); 

end 

% 6tle(['The Peak Shios of LPG at Mode Order ',num2str(mode_order)],'fontsize',18);  

set(gca,'fontsize',15); 

xlabel('Wavelength(nm)','fontsize',18); 

ylabel('Transmission(dB)','fontsize',18); 

%legend({'n3=1.000 (Air)','n3=1.330 
(Water)','n3=1.400','n3=1.405','n3=1.410','n3=1.415','n3=1.420','n3=1.425','n3=1.43
0','n3=1.435','n3=1.440','n3=1.445'},'FontSize',15); 

axis([wl_start wl_end -inf inf]); 

grid on 

figure 

% yyaxis leo 

plot(Array,wavelength(wl_cen)*1e9,'-o','linewidth',1); 

set(gca,'fontsize',15); 

xlabel('Surrounding Refrac6ve Index','fontsize',18); 

ylabel('Wavelength(nm)','fontsize',18); 

ylim([1535 1545]); 

% yyaxis right 

% plot(Array,y_min,'-*','linewidth',1); 



 213 

% ylabel('Transmission(dB)','fontsize',15); 

% 6tle(['LPG Surrounding Sensing at Mode Order 
',num2str(mode_order)],'fontsize',18); 

% ylim([-8.2 -7]); 
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clc,clear; 

close all; 

 

format long 

n1=1.455; 

n2=1.45; 

n3=1.0; 

nu=1; 

a1=4.6e-6; 

a2=62.5e-6; 

wl=1550e-9; 

n2_threshold=1.448; 

neff1=n2_threshold; 

neff2=n2; 

neff=linspace(neff1,neff2,500); 

 

k0=2*pi/wl; 

alpha=a2/a1; 

s21=(n2/n1)^2; 

s23=(n2/n3)^2; 

v12=k0*a1*sqrt(n1^2-n2^2); 

v23=k0*a2*sqrt(n2^2-n3^2); 

u1=k0.*a1.*sqrt(n1^2-neff.^2); 

u2=k0.*a1.*sqrt(n2^2-neff.^2); 

u3=k0.*a2.*sqrt(neff.^2-n3^2); 

x1=n1.*u1.^2.*u2.^2./(nu.*v12^2.*neff); 

x2=n3.*alpha^2.*u2.^2.*u3.^2./(nu.*v23^2.*neff); 

J=(-besselj(nu+1,u1)+nu./u1.*besselj(nu,u1))./(u1.*besselj(nu,u1)); 

K=(-besselk(nu+1,u3)+nu./u3.*besselk(nu,u3))./(u3.*besselk(nu,u3)); 

p=besselj(nu,alpha.*u2).*bessely(nu,u2)-besselj(nu,u2).*bessely(nu,alpha.*u2); 
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q=besselj(nu,alpha.*u2).*(-bessely(nu+1,u2)+nu./u2.*bessely(nu,u2))-(-
besselj(nu+1,u2)+nu./u2.*besselj(nu,u2)).*bessely(nu,alpha.*u2); 

r=(-
besselj(nu+1,alpha.*u2)+nu./(alpha.*u2).*besselj(nu,alpha.*u2)).*bessely(nu,u2)-
besselj(nu,u2).*(-bessely(nu+1,alpha.*u2)+nu./(alpha.*u2).*bessely(nu,alpha.*u2)); 

s=(-besselj(nu+1,alpha.*u2)+nu./(alpha.*u2).*besselj(nu,alpha.*u2)).*(-
bessely(nu+1,u2)+nu./u2.*bessely(nu,u2))-(-
besselj(nu+1,u2)+nu./u2.*besselj(nu,u2)).*(-
bessely(nu+1,alpha.*u2)+nu./(alpha.*u2).*bessely(nu,alpha.*u2)); 

 

L1=p.^2+2.*x1.*x2.*(n2^2/(n1*n3)).*(2./(pi.*alpha.*u2.^2)).^2; 

L2=x1.^2.*x2.^2.*(J.*(r./(alpha.*u2)+K.*p)-(K.*q./u2+s./(alpha.*u2.^2)));  

L3=J.*(s23.*r./(alpha.*u2)+K.*p)-s21.*(K.*q./u2+s23.*s./(alpha.*u2.^2)); 

L_All=L1+L2.*L3; 

 

R1=x1.^2.*(J.*p-s21.*q./u2).*(J.*p-q./u2); 

R2=x2.^2.*(K.*p+r./(alpha.*u2)).*(K.*p+s23.*r./(alpha.*u2)); 

R_All=R1+R2; 

 

neff_cladding=CladdingDichotamy(n1,n2,n3,a1,a2,wl,nu,n2_threshold); 

fprinS('Order of effec6ve RI of Cladding --'); 

disp(neff_cladding); 

 

neff_size=size(neff_cladding); 

for i=1:168 

    j=find(abs(L_All-R_All)<=0.01*i); 

    j_size=size(j); 

    if j_size(2)==neff_size(2)+1; 

        break; 

    end 

end 

x=j(1:end-1); 



 216 

X=neff(x); 

Y=L_All(x); 

plot(neff,L_All,'r',neff,R_All,'b',X,Y,'k*','linewidth',1); 

6tle('Cladding Neff Tes6ng','fontsize',18);  

xlabel('neff','fontsize',15);  

axis([neff1 neff2 -inf inf]); 

grid on 
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clc,clear; 

close all; 

 

format long 

global a1 a2 n1 n2 n3 wl nu neff_cladding_i zeta_i 

n1=1.455; 

n2=1.45; 

n3=1.0; 

a1=4.6e-6; 

a2=62.5e-6; 

wl=1550e-9; 

err=1e-10; 

nu=1; 

n2_threshold=1; 

neff_core=CoreDichotamy(n2,n1,wl,n1,n2,a1,err); 

neff_cladding=CladdingDichotamy(n1,n2,n3,a1,a2,wl,nu,n2_threshold); 

 

% Free-space wave number 

k0=2*pi/wl; 

% (4) 

% Electromagne6c impedance in vacuum 

z0=377; 

deta=(n1-n2)./n1; 

% (1) 

% V number of the fiber at wavelength 

v=k0.*a1.*sqrt(n1.^2-n2.^2); 

% Normalized effec6ve index 

b=(neff_core.^2-n2.^2)./(n1.^2-n2.^2); 

% (8)(9) 

% Slowly varying envelope of the gra6ng 
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sigma1=i.*nu.*neff_cladding./z0; 

sigma2=1.*nu.*neff_cladding.*z0; 

% (10)(11)(12)(13) 

% Layer phase parameters 

u1=k0.*sqrt(n1^2-neff_cladding.^2); 

u2=k0.*sqrt(n2^2-neff_cladding.^2); 

w3=k0.*sqrt(neff_cladding.^2-n3^2); 

u21=(1./u2).^2-(1./u1).^2; 

u32=(1./w3).^2+(1./u2).^2; 

% (14)(15) 

% First-order Bessel func6on 

J=(-besselj(nu+1,u1.*a1)+nu./(u1.*a1).*besselj(nu,u1.*a1))./(u1.*besselj(nu,u1.*a1)); 

% Third-order Bessel func6on 

K=(-
besselk(nu+1,w3.*a2)+nu./(w3.*a2).*besselk(nu,w3.*a2))./(w3.*besselk(nu,w3.*a2)); 

% (16)(17)(18)(19) 

% Cross products of Bessel func6on 

pl=besselj(nu,u2.*a2).*bessely(nu,u2.*a1)-besselj(nu,u2.*a1).*bessely(nu,u2.*a2); 

ql=besselj(nu,u2.*a2).*(-bessely(nu+1,u2.*a1)+nu./(u2.*a1).*bessely(nu,u2.*a1))-(-
besselj(nu+1,u2.*a1)+nu./(u2.*a1).*besselj(nu,u2.*a1)).*bessely(nu,u2.*a2); 

rl=(-besselj(nu+1,u2.*a2)+nu./(u2.*a2).*besselj(nu,u2.*a2)).*bessely(nu,u2.*a1)-
besselj(nu,u2.*a1).*(-bessely(nu+1,u2.*a2)+nu./(u2.*a2).*bessely(nu,u2.*a2)); 

sl=(-besselj(nu+1,u2.*a2)+nu./(u2.*a2).*besselj(nu,u2.*a2)).*(-
bessely(nu+1,u2.*a1)+nu./(u2.*a1).*bessely(nu,u2.*a1))-(-
besselj(nu+1,u2.*a1)+nu./(u2.*a1).*besselj(nu,u2.*a1)).*(-
bessely(nu+1,u2.*a2)+nu./(u2.*a2).*bessely(nu,u2.*a2)); 

% (6) 

% Dispersion rela6on leo 

zeta=1./sigma2.*(((u2.*pl.*(J.*K+sigma1.*sigma2.*u21.*u32./(n2^2*a1*a2)))+(-
K.*ql+J.*rl-sl./u2))./((-u2.*pl.*((u32./(n2^2*a2).*J-
(u21./(n1^2.*a1).*K))))+(u32.*ql./(n1^2*a2)+u21.*rl./(n1^2*a1)))); 

% (B2) 
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% P1 

p11=neff_cladding./z0-
neff_cladding.*z0.*zeta.^2./n1.^2+(1+neff_cladding.^2./n1.^2).*imag(zeta); 

p12=besselj(2,u1.*a1).^2-besselj(1,u1.*a1).*besselj(3,u1.*a1); 

p13=neff_cladding./z0-neff_cladding.*z0.*zeta.^2./n1.^2-
(1+neff_cladding.^2./n1.^2).*imag(zeta); 

p14=besselj(0,u1.*a1).^2+besselj(1,u1.*a1).^2; 

p1=pi.*a1.^2.*u1.^2./4.*(p11.*p12+p13.*p14); 

% (B3) 

% P2 

i_max=size(neff_cladding); 

for t=1:i_max(2) 

    zeta_i=zeta(t); 

    neff_cladding_i=neff_cladding(t); 

    p2(t)=real(pi.*quadl(@ElectricField_Cladding,a1,a2)); 

end 

% (A7)(A8)(A15)(A16) 

% Define quan66es 

F2=J-u21.*sigma2.*zeta./(n1^2.*a1); 

G2=zeta.*J+u21.*sigma1./a1; 

F3=-F2.*pl+1./u2.*ql; 

G3=-n3.^2./n2.^2.*(G2.*pl-n2.^2./n1.^2.*zeta./u2.*ql); 

% (B16) 

% P3 

p31=neff_cladding.*z0.*G3.^2./n3.^2-neff_cladding./z0.*F3.^2-
(1+neff_cladding.^2./n3.^2).*F3.*imag(G3); 

p32=besselk(2,w3.*a2).^2-besselk(1,w3.*a2).*besselk(3,w3.*a2); 

p33=neff_cladding.*z0.*G3.^2./n3.^2-
neff_cladding./z0.*F3.^2+(1+neff_cladding.^2./n3.^2).*F3.*imag(G3); 

p34=besselk(0,w3.*a2).^2-besselk(1,w3.*a2).^2; 

p3=pi.^3.*(a1.*a2).^2.*(u1.*u2).^4.*besselj(1,u1.*a1).^2./(16.*w3.^2.*besselk(1,w3
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.*a2).^2).*(p31.*p32+p33.*p34); 

E1v=1./sqrt(p1+p2+p3); 

% (36) 

% Coupling coefficient of core and cladding 

kappa_cl_co=k0.*sqrt(pi.*b./(z0.*n2.*sqrt(1+2.*b.*deta))).*n1.^2.*u1./(u1.^2-
v.^2.*(1-
b)./a1.^2).*(1+sigma2.*zeta./n1.^2).*E1v.*(u1.*besselj(1,u1.*a1).*besselj(0,v.*sqrt(
1-b))./besselj(1,v.*sqrt(1-b))-v.*sqrt(1-b).*besselj(0,u1.*a1)./a1); 

kappa=abs(kappa_cl_co); 

 

for num=1:i_max(2) 

    if rem(num,2)==1 

        plot(num,kappa(num).*1e-6,'b*'); 

        hold on; 

    else plot(num,kappa(num).*1e-6,'ro'); 

    end 

end 

xlabel('Cladding Mode Number \nu','fontsize',15);  

ylabel('Coupling Constant/\sigma(z)(\mum^-^1)','fontsize',15);  

axis([0 168 0 0.8]); 

legend('\nu=odd','\nu=even') 


