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Abstract 

In this thesis, we propose a mechanism for achieving high-resolution spatial focusing of 

electromagnetic waves at telecommunication wavelengths (λ0 = 1.55 µm) using high-refractive 

index dielectrics. Our approach involves the production of photonic nanojets (PNJs) with a high 

intensity and spatial resolution. We use cylindrical and spherical dielectrics with radii ranging 

from R = 0.15λ0 to 1.55λ0, placed at the end of an optical fibre to achieve PNJ focusing. We 

evaluate the response of the device in 2D and 3D configurations using cylindrical and spherical 

dielectrics, respectively. By truncating the output profile of the dielectric, we are able to shift 

the PNJs towards the output surface of the high-index dielectric, resulting in a high transversal 

resolution. The Full-Width at Half-Maximum (FWHM) achieved is FWHM = 0.28λ0 (2D 

truncated dielectric), and FWHMy = 0.17λ0 and FWHMx = 0.21λ0 (3D truncated dielectric). We 

also explore the potential of a specific structure for applications requiring high spatial resolution 

working at λ0 = 2 µm. Specifically, we report preliminary results from an experiment involving 

a full and truncated Germanium (Ge) sphere surrounded by cladding material, placed on top of 

the core of an optical fibre. Our findings demonstrate that this structure is able to generate PNJs 

with a high transversal resolution at the output surface of the truncated dielectric sphere, 

measuring FWHMy = 0.13λ0 and FWHMx = 0.16λ0. Interestingly, we also observe the PNJs 

beyond the output surface of the truncated dielectric sphere (outside) at a distance of 0.1λ0, with 

a resolution of FWHMy = 0.43λ0 and FWHMx = 0.41λ0. Our proposed structure consisting of 

an optical fibre and a truncated high index dielectric may have applications in sensing and 

imaging systems that require near-field high spatial resolution. 
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Figure 4.6: From (a) to (f) are presented the steps required to fabricate the device in the 

photonics lab. (a) The large capillary, which has an outer diameter of 363 μm +/- 10 μm and an 

inner diameter of 150 μm +/- 4 μm, is filled with Ge powder. (b) The small capillary, which has 

an outer diameter of 363 μm +/- 10 μm and an inner diameter of 5 μm +/- 2 μm, is spliced to 

large capillary containing Ge materials in order to transfer Ge material from the large capillary 

to the small capillary. (c) The same in (b) after the small capillary has been tapered, that contains 

Ge materials, from the outer diameter of 363 μm +/- 10 μm to 125 μm. (d) The CO2 laser is 

utilised to illuminate the tapered small capillary, resulting in a transformation of the cylindrical 
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shape of the core Ge material into a spherical shape. (e) This step involves cleaving the tapered 

small capillary containing the Ge spheres at the edge of the desired size Ge sphere. 

Subsequently, the desired size Ge sphere is spliced to an optical fibre, positioning it at the end 

of the core of the optical fibre. The step from (e) is cleaved again to create a single Ge sphere 

of the desired size at the end of the core of an optical fibre, which is then polished to the desired 

value of a. ................................................................................................................................. 96 

Figure 4.7: The images are taken using an optical microscope in the photonics lab. From 

(a-c) we can see the large capillary after it has been filled with Ge powder. This sample was 

imaged immediately as it was filled with Ge powder, therefore the isopropanol is clearly visible 

in (c). The isopropanol is used to facilitate the entry of the Ge powder into the large capillary. 

(d) After allowing approximately one day for the isopropanol to evaporate from sample (a-c), 

it is spliced to a small capillary to transfer Ge material from the large capillary to the small 

capillary. ................................................................................................................................... 97 

Figure 4.8: (a) After splicing the large and small capillaries together and inserting them 

into a furnace until the Ge material melts within the large capillary, gas pressure is applied 

within the large capillary towards the small capillary in order that the melted Ge material can 

be transferred within 5 μm +/- 2 μm of the small capillary. (b-d) are an extension of (a); the Ge 

material begins in the middle of the small capillary with a black colour in (b), fills the entire 

small capillary in (c), and then ends in the middle of (d). ........................................................ 98 

Figure 4.9: (a) The cladding diameter of the small capillary containing the Ge material is 

tapered from 363 μm +/- 10 μm to 125 μm across a length of approximately 3 cm. (b-d) When 

the cladding diameter of the tapered small capillary reached 125 μm, which is similar to the 

diameter of an optical fibre, and the tapered small capillary contained Ge material, three 

examples are presented. ............................................................................................................ 99 

Figure 4.10: (a-d) After subjecting the sample, which is the tapered small capillary 

containing the Ge material, to the CO2 laser, a group of lenses in different shapes of Ge material 

are formed. In (b), the sample contains lenses that are approximately similar in size as the 

desired lens in Fig. 4.1 c, which are the first three lenses from the left. These three lenses are 

used to splice with an optical fibre. ........................................................................................ 100 

Figure 4.11: (a) The sample in Fig, 4.10 b is cleaved between the first and second Ge 

lenses, and here we can observe the second, third, and fourth Ge lenses. (b) The left side of (a) 

is spliced with an optical fibre. Due to the slightly higher refractive index of the core compared 

to the cladding, the core of an optical fibre can be observed. We can also observe core 

distortions caused by splicing, and the second Ge lens is 34 µm away from the output surface 
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of the core. (c) The third Ge lens is at the end of the sample where (b) is cleaved directly on the 

third Ge lens. (d) The right side of (c) is spliced to an optical fibre, and the third lens is placed 

at the end of the core. (e) The right sample in (d) is depicted, which is cleaved between the two 

lenses. The light of the optical microscope is increased so that the Ge lens on the end of the 

core can be observed more clearly. ........................................................................................ 102 

Figure 4.12: (a) The magnified image of Fig. 4.11 e is presented to investigate the size 

and location of the Ge elliptic lens inside the device, along with the size of an optical fibre after 

splicing. The red arrows measure the core diameter of an optical fibre, while the blue arrows 

measure the cladding diameter of an optical fibre. The circumferences of the Ge elliptic lens and 

core of an optical fibre are indicated by a dashed red line. (b) The structure is simulated by 

using the CST Studio Suite. The Ge elliptic lens is illuminated on the left by an optical fibre 

with a wavelength of λ0 = 2 µm, where z = 0 denotes the output surface of the Ge elliptic lens. 

The diameter of the core in an optical fibre is defined to be 5.6λ0. The result illustrates the 

power enhancement in the yz plane with the centre of the Ge elliptic lens at (x = 0, y = 0.8λ0, z 

= - 0.88λ0). The parameter values for (b) are determined from (a). (c) From panel (b), the power 

enhancement along the z axis at x = 0 and y = 0.8λ0 is displayed. (d,e) At z = 0, the power 

enhancement along the x axis (at y = 0.8λ0) and the y axis (at x = 0) are illustrated, respectively.
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Figure 4.13: The results show the power enhancement in the yz plane for (a) with the 

same structure as Fig. 4.12 b, but after the full Ge elliptic lens has been truncated. At the point 

where x = 0 and y = 0.8λ0, (b) illustrates the power enhancement along the z axis, which is 

located in the centre of the truncated Ge lens. The output surface of the truncated Ge elliptic 

lens is located at z = 0. (c,d) The power enhancement along the transversal x and y axes at the 

FL where z = 0.19λ0 are displayed, respectively. .................................................................. 105 

Figure 5.1: The device is connected to a Butterfly Laser Diode in the photonics lab. The 

Butterfly Laser Diode operates at wavelength 2 μm. As shown in the blue box, the device 

consists of an optical fibre with a Ge lens placed at its end. The device is securely inserted and 

properly adjusted on a stage 1. The detector is connected to a fibre probe with a tapered head, 

as depicted in the blue box. The fibre probe is placed on the adjustable stage 2. Finally, the 

Butterfly Laser Diode is turned on and the spatial resolution of the device is calculated. .... 111 

Appendix: 

Figure A 1: (a) This illustration was obtained from CST Studio Suite and shows the mesh 

cells in a cross-section of the dielectric sphere. (b) The dielectric sphere has a size of R = 0.55λ0, 

and the number of mesh cells along the radius of the dielectric sphere increases from top to 
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bottom by 11, 20, 40, and 60. (c) The dielectric sphere has a size of R = 1.55λ0, and the number 

of mesh cells along the radius of the dielectric sphere increases from top to bottom by 31, 40, 

and 60. The output surface of the dielectric sphere is located at z = 0. (d) and (e) The position 

of the FL is shown as a function of the number of mesh cells across the radius of the dielectric 

sphere for both R = 0.55λ0 and 1.55λ0, respectively. ............................................................. 112 
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the truncated dielectric cylinder, at the positive z axis. (b) and (c) The FL and power 
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Figure B 2: The power enhancement along transversal y axis at the position of the FL that 

appear in the output surface of the truncated dielectric cylinder is shown for (a) a = 0.096λ0, (b) 
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enhancement at 1 shows when the power distribution through the structure constituted of an 
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the optical fibre alone. (f) The FWHM is shown as a function of various values of a, which have 

been calculated from (a-e). (g) The power enhancement for a = 0.122λ0 and R = 0.55λ0 is 

illustrated in the yz plane. 116 

Figure B 3: (a-c) The power enhancement along the propagation z axis when y = 0 for a 

= 0.129λ0 to 0.225λ0 is illustrated. The vertical black line at z = 0 is the output surface of the 

truncated dielectric cylinder. (d) The FL as a function of different values of a is displayed. 117 

Figure B 4: (a) and (b) The FWHM and the power enhancement as a function of the 

different values of a ( from a = 0.129λ0 to 0.225λ0) are illistrated. These values have been 
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Figure C 1: (a) The power distribution on the xz plane is determined for a dielectric sphere 

placed at the end of the optical fibre. (b) The power distribution at x = y = 0 along the z axis is 
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determined from panel (a). (c) The power distribution along the transversal x axis within the 

dielectric sphere at the focal spot is determined by the structure of panel (a). (d) The power 

distribution on the xz plane is determined for a truncated dielectric sphere placed at the end of 

the optical fibre. (e) Power distribution along the z axis at x = y = 0 extracted from panel (d). 
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of the truncated dielectric sphere (z = 0), considering both the scenario with the truncated 

dielectric sphere (rad) and the scenario without it (navy). The values of the power distribution 

scale bar have been normalised by a value of 1e9 to provide a better image of the results. 121 
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enhancement is illustrated as a function of the position of the Ge elliptic lens at y = 0λ0, 0.2λ0, 

and 0.6λ0, where z = x = 0. 128 
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Chapter 1 : Introduction 

In this chapter, we investigate the fundamentals of photonics and its different 

applications. We begin by discussing the significance of the electromagnetic spectrum, which 

classified in term of the wavelengths ranging from one kilometre to one nanometer in a different 

field. Furthermore, we emphasise the significant role of photonics in technology, where the 

manipulation of photons through transmission, emission, and sensing is the main factor behind 

technology. The exploration of a particular photonics application known as photonic nanojets 

(PNJs) is the primary focus of this dissertation. We emphasise the significance of the infrared 

spectrum and its applications, such as near-infrared spectroscopy for imaging and sensing and 

optical fibre communications. Moreover, we discuss the concept into the realm of waveguides, 

particularly dielectric waveguides and optical fibres, which enable the guided transmission of 

electromagnetic waves. Additionally, the dispersion properties of dielectrics and optical fibres 

are discussed focusing on the behaviour of electromagnetic wave inside these structures. 

Furthermore, we investigate the field of optical microscopy using simple and compound 

microscope systems with a focus on achieving higher magnification levels. Finally, we address 

the diffraction limit of electromagnetic waves and its impact on the spatial resolution of imaging 

systems. To overcome this limitation, we discuss devices with high spatial resolution, such as 

superlenses and PNJs. We emphasise the importance of PNJs in imaging and sensing 

applications, particularly their ability to detect subwavelength particles. This chapter introduces 

photonics and provides a platform for the study of PNJs and their great potential. 

1.1  An introduction to photonics 

This section will discuss three topics briefly: the electromagnetic spectrum, the 

technological revolution utilizing photonics, and the significance of the infrared spectrum. We 

will investigate these topics to understand their implications and effects. 

1.1.1 Electromagnetic spectrum 
Controlling wave-matter interactions is being explored in many research fields for an 

optical wavelength [1]. In this realm, as shown in Fig. 1.1 the electromagnetic spectrum can be 

classified in term of the wavelengths ranging from one kilometre to one nanometre [2].  

Beginning with wavelengths that are larger than one metre in length (frequencies below 0.3 

GHz) such as amplitude modulation (AM), radio, television, and frequency modulation (FM) 
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waves. This spectrum of electromagnetic waves is commonly referred to as the global 

communication system because it is utilised to transmit high-quality video and audio over large 

distances utilising electronic devices [3]. Next is the microwave range, whose wavelength 

ranges from 3 mm to 1 m (frequencies from 0.3 to 100 GHz). This radiation is commonly 

employed in communication systems such as radar systems, space-vehicle communications, 

mobile phones, and Wi Fi [4,5]. 

Millimetre waves have a wavelength between 1 and 10 mm (frequencies from 30 to 300 

GHz) and are situated between microwaves and terahertz waves on the electromagnetic 

spectrum; millimetre waves are used in some applications such as fifth generation 

communication (5G) [6,7]. Following the millimetre wave spectrum is the terahertz range, 

which begins at 30 μm and ends at 3 mm (frequencies from 0.1 to 10 THz) [8]. Terahertz wave 

transmission has generally been conducted as freespace beams travelling through air to avoid 

significant absorption in the spectrum of THz-range media [9]. Some applications of Terahertz 

gap range are for DNA signature and gene diagnosis since it is non-ionizing radiation for human 

living tissue [10].  

 

Figure 1.1: The electromagnetic spectrum of wavelength from 1 kilometre to 1 nanometre. 

After the terahertz range is the infrared (IR) range, which ranges from the edge of the red 

colour 750 nm to 0.1 mm (frequencies from 3 to 400 THz) [11]. This spectral range can be 

separated into three sections according to the ISO 20473 standard for the sub-division of the IR 

classification: far (FIR), medium (MIR), and near (NIR) infrared. The first portion, FIR, is 

approximately 50 μm to 0.1 mm in wavelength (frequencies from 3 to 6 THz). FIR transports 

energy solely in the form of thermal energy, which thermoreceptors on human skin sense as 

radiant heat [11]. In addition to being absorbed by the human body, FIR is also emitted by the 

body as black body radiation, thus thermal infrared imaging refers to FIR [11,12]. The second 

portion, MIR, is wavelengths range from 3 to 50 μm (frequencies from 6 to 100 THz). MIR 

spectra are also used for thermal infrared imaging and often have more absorbance than FIR 

spectra, making them appropriate for a variety of photonic sensors [12,13]. The third component 
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is NIR, which consists of wavelengths between 780 nm and 3 μm (frequencies from 100 to 385 

THz). NIR has shown considerable promise for a variety of applications in various domains, 

including optical communications, biological imaging, sensors, lasers, and solar energy 

conversion; nevertheless, imaging equipment in this range still need to be developed [14–19]. 

This thesis will concentrate on NIR, which is described in more detail in section 1.1.3. 

The following range is visible radiation, the wavelengths range from 400 to 700 nm 

(frequencies from 428 to 750 THz) [3]. Visible light can be used, for instance, to create a high-

power intracavity frequency-doubled 532 nm laser for the medical treatment of vascular 

diseases [20]. From 400 nm and below (frequencies from 750 THz and above), the wavelength 

ranges from ultraviolet radiation to x-ray to gamma radiation. One of the uses of short 

wavelengths, for example, is the study of the crystal structure by x-ray because the wavelengths 

of x-rays are comparable to the distances between atoms in solids [3]. As is well-known, as the 

wavelength becomes shorter, the frequency rises, resulting in an increase in photon energy; thus 

short wavelength is typically not employed in the study of living tissues, as it may cause damage 

to human living cell [19]. Depending on the interaction between the light and the matter, 

different wavelengths are used for various applications. In the following section, we will discuss 

how photonics, the interaction of light with a matter, influenced the evolution of technology. 

1.1.2 Technology revolution using photonics 
Photonics and electronics deal with fundamentally different types of particles. Typically, 

electrons carry out the transmission in an electronics circuit. In contrast, photons perform this 

role in a photonic circuit. Photonics is superior than electronics because the circuit containing 

photons oscillates at a substantially faster rate than the circuit surrounding electrons. Photonics 

is further along in its development [21].  

Walter Brattain, John Bardeen, and William Shockley at Bell Laboratories created a 

method using photons for communication via the commonly known fibres, and coined the term 

photonics which is a combination of the words photons and electronics [22]. The method of 

using photons for communication began after the laser became commercially available, after 

its initial implementation in 1960 by Theodore Harold Maiman [21,22]. Laser is appropriate 

for long-distance communications because it produces coherent light, where the light waves are 

perfectly aligned and maintain their phase relationship over long distances. This coherence 

enables the laser to propagate efficiently over long distances without significant spreading or 

attenuation [22–24]. Moreover, laser light photons are useful for many purposes other than 



 
25 

 

communication such as cutting or welding [25]. Lasers and optical fibres are just some of the 

many applications that fall under the umbrella of the photonics field [26,27].  

Photonics applications encompass all technical applications across the whole optical 

spectrum, the great majority of photonics applications extend from NIR to visible waves 

[26,28,29]. The famous lecture of Richard P. Feynman in 1959 “There's Plenty of Room at the 

Bottom. ...” emphasises the significance of controlling a small object in a size of nanometre for 

modern technologies [30]. The term photonics in the most recent applications has been 

expanded to encompass nearly all processes that utilise photons in science by their detection, 

and their manipulation through transmission, emission, and sensing [26]. The manipulation of 

photons traveling in freespace or when interacting with matter is at the heart of photonics [1,31]. 

This thesis will explore one of the photonics applications used to create a high-intensity focal 

spot, called photonic nanojets (PNJs), by placing a dielectric at the end of an optical fibre. These 

PNJs can be utilized as imaging and sensing devices. 

1.1.3 Importance of infrared spectrum 
As previously mentioned in 1.1.1, the infrared spectrum extends from 780 nm to 0.1 mm, 

with frequencies ranging from 3 to 400 THz. Fredrick William Herschel discovered infrared in 

1800. Fredrick noted that a thermometer temperature increased when it was passed across a 

longer wavelength than visible regain. Accordingly, Fredrick concluded that longer 

wavelengths mean higher temperatures and increased thermometer readings indicate the 

existence of invisible waves [19,32]. 

The range of the infrared spectrum is extensive, offering a wide range of applications 

based on the thermal properties of the radiation [11]. FIR and MIR wavelengths are particularly 

useful for applications that require the detection and measurement of thermal energy [12,33]. 

Thermal imaging cameras, for example, use these wavelengths to create images that highlight 

temperature differences in an object. While FIR and MIR wavelengths are useful for many 

applications, they are not always suitable for analysing small samples. This is because the 

radiation can generate heat in the samples, potentially damaging or altering them. In such cases, 

NIR can be used as an alternative. NIR has lower thermal energy than FIR and MIR, meaning 

that it produces less heat on the samples. This makes it ideal for evaluating small samples that 

are sensitive to heat such as biological tissues [18,19]. 

NIR is also commonly used in non-destructive analytical techniques such as near-infrared 

spectroscopy [34]. Near-infrared spectroscopy is a technique that uses NIR to measure the 

absorption, reflection, and scattering of light by a sample. By analysing the resulting spectrum, 
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it is possible to identify the chemical composition of the sample. This technique is useful in a 

variety of fields, including food quality control, medical diagnostics, and environmental 

monitoring [34]. 

 

Figure 1.2: As a function of the various wavelengths, refractive index (a) and extinction coefficient (b) of silicon are 
illustrated [35]. 

Different materials react differently to electromagnetic waves and the property of NIR 

range is that it cannot penetrate metals but can travel through numerous crystalline substances 

such as fused silica and sapphire [32,36]. The most common uses of NIR in photonics are 

optical fibres and imaging systems [29,37,38]; these examples will be explored in more detail 

in section 1.2 below. One of the most important common materials that have helped improve 

technology which is a type of semiconductor is silicon [39]. The complex refractive index ñ of 

a material is given by the following equation [40]: 

 ñ =  𝑉𝑉 +  𝑖𝑖𝑖𝑖 (1.1) 

The behaviour of silicon material, for example amorphous silicon, with respect to the real 

part of the refractive index n and the imaginary part of the extinction coefficient k in response 

to different wavelength is depicted in Fig. 1.2 [35]. The refractive index defines the degree to 

which a material bends or refracts light as it travels through it. The extinction coefficient 

describes the attenuation of electromagnetic wave energy during wave transmission through a 

medium [40]. In the NIR and at wavelengths even longer than this range, the extinction 

coefficient is at its lowest value with a slight change in the refractive index, silicon is therefore 

an ideal material for use in technical applications [41,42]. 

1.2  Applications of photonic devices 

This section examines waveguides, focusing specifically on dielectrics and optical fibres. 

We begin by examining the dispersion of dielectric materials, followed by an analysis of the 
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modes present in optical fibres. Additionally, we investigate dispersion within optical fibres. 

Furthermore, optical microscopy is discussed. 

1.2.1 Waveguides: dielectrics and optical fibres 
Waveguides are structures that can guide waves in any direction; dielectric waveguides 

and optical fibres are examples of waveguides that use electromagnetic waves to transmit 

through them [21]. There are many different examples of dielectrics, such as lenses, prisms, 

plates, and films [2]. One of the factors that influence the dielectric and optical fibre is 

dispersion, which relates to the phenomenon in which the index of refraction of a medium varies 

with frequency [2,43].  

1.2.1.1 Dispersion of dielectric 

When an electromagnetic wave illuminates a dielectric, the electric dipoles of the 

dielectric medium become altered. These alterations within the dielectric are known as electric 

polarisation 𝑷𝑷, and for the majority of materials, 𝑷𝑷 is proportional with the electric field 𝑬𝑬 [2]. 

Dielectric materials do not exhibit significant magnetic properties due to the way their electrons 

are arranged. As there are no unpaired electrons, these materials lack magnetic moments, which 

means that they are not magnetic and cannot align with an external magnetic field to produce 

magnetic dipoles [2,43]. The electric polarisation can be calculated by taking the electric field 

of the medium and subtracting the electric field of the vacuum which is given by [2]: 

 𝑷𝑷 =  𝑬𝑬 (𝜖𝜖 −  𝜖𝜖0) (1.2) 

where 𝜖𝜖 and 𝜖𝜖0 are the absolute permittivity in matter and vacuum respectively, that measure 

the ability of a dielectric to response to the electric field. 

The speed of an electromagnetic wave in a medium 𝑣𝑣 is determined by the following 

formula and is lower than the speed of the wave in a vacuum 𝑐𝑐: 

 𝑣𝑣 =  
1

√𝜖𝜖𝜖𝜖
        and       𝑐𝑐 =  

1
�𝜖𝜖0𝜖𝜖0

 (1.3) 

where 𝜖𝜖 and 𝜖𝜖0 are the absolute permeability in matter and vacuum respectively. 

The absolute index of refraction n is given as the ratio of the speed of an electromagnetic 

wave in a vacuum to that of the wave when it is passing through matter: 

 𝑉𝑉 =  
𝑐𝑐
𝑣𝑣

 =  �
𝜖𝜖𝜖𝜖

𝜖𝜖0𝜖𝜖0
 (1.4) 
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The term "dispersion" refers to the relationship between the frequency 𝑓𝑓  and the 

refractive index 𝑉𝑉. When the permeability of the magnetic field is negligibly, the relationship 

between 𝑷𝑷, 𝑬𝑬, and 𝑉𝑉 will lead to the dispersion equation of the dielectric [2]: 

 𝑉𝑉2 =  
𝜖𝜖
𝜖𝜖0

 =  1 +  
𝑁𝑁𝑞𝑞𝑒𝑒

2

𝜖𝜖0𝑉𝑉𝑒𝑒
 �

1
𝜔𝜔0

2  −  𝜔𝜔2� (1.5) 

where 𝑁𝑁 donating electrons per unit volume. 𝑞𝑞𝑒𝑒 and 𝑉𝑉𝑒𝑒  are electron charge and mass 

respectively. 𝜔𝜔  is the angular frequency, defined as 𝜔𝜔 = 2𝜋𝜋𝑓𝑓 =  2𝜋𝜋𝑐𝑐/λ . 𝜔𝜔0  denotes the 

resonance frequency. 

1.2.1.2 Optical fibre mode 

After the invention of the laser, optical fibre became one of the most significant advances 

in photonics [22]. Optical fibres utilise the speed of light for long-distance data transmission 

within a fibre material and it is one of the earliest uses within the field of photonics [29]. Optical 

fibres can be manufactured in different shapes, whereas cylindrical is the most common [43–

45].  

 

Figure 1.3 (a) The schematic of a cylinder optical fibre illustrates when the core cylinder is covered by cladding 
cylinder. (b) The parameters of the cylinder optical fibre of its refractive index and radius are shown. (c) The total internal 
reflection of light within the core of an optical fibre is displayed. The blue arrow indicates a guided wave within the core for 
which the incidence angle θg is greater than the critical angle θc. The red arrow represents an unguided wave with an incidence 
angle θg smaller than the critical angle θc. 

The cylindrical fibre consists of two cylinders, a core and cladding. The core cylinder is 

surrounded by the cladding cylinder. This shape is illustrated in Fig. 1.3 a. The cladding 
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cylinder has a larger diameter than the core cylinder, although the core has a higher refractive 

index Fig. 1.3 b.  

The idea behind optical fibres relies on the use of a process known as total internal 

reflection of light within the core [43]. When light is transmitted through the core of an optical 

fibre, it travels through the centre of the core and strikes the cylindrical edges of the core at 

different angles, depending on the refractive index of the core and cladding materials, as shown 

with blue arrow in Fig. 1.3 c. According to the Snell's law, when the angle of incident light θg 

is greater than the critical angle θc, light is completely reflected and stays contained within the 

core of an optical fibre. The critical angle θc is defined as the incidence angle that produces a 

refraction angle of 90 degrees. 

Multi-mode fibre and single-mode fibre are two of the optical fibre types, as shown in 

Fig. 1.4 a,b. The wavelength λ, the core radius of the optical fibre, and the numerical aperture 

are the three pieces of information that must be known in order to calculate the number of 

modes contained in an optical fibre [43]. The V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 (normalized frequency) is a useful fibre 

parameter that can be used to indicate the number of modes at a given wavelength and cut-off 

( λ𝑐𝑐 ) conditions. λ𝑐𝑐  is defined as the shortest wavelength that can form a single mode. 

V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 depends on these three variables as shown in the equation below [43]: 

 V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 =  2𝜋𝜋 NA𝑓𝑓  
𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒

λ
 (1.6) 

where NA𝑓𝑓 is numerical aperture of the fibre, 𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒 is the radius of the core, and λ is the operator 

wavelength. The Eq. 1.6 will be employed in chapter 2 for Fig. 2.7 and in chapter 4 for Fig. 

4.12 (a). The value of the NA𝑓𝑓 represents the ability of the optical fibre to gather light and is 

given for an optical fibre by [2,43]: 

 NA𝑓𝑓  =  �(𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒)2 − (𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐)2 (1.7) 

In chapter 2, the Eq. 1.7 will be used for the design of Fig. 2.7. When the value of V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛  

increases, the number of modes also increases [43]. When V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛  falls below < 2.405, a single 

mode is created in an optical fibre. This shift from multi modes to a single mode is known as 

λ𝑐𝑐 (cut-off). When the wavelength is reduced below λ𝑐𝑐, several modes are formed according to 

the formula below [46]: 

 λ𝑐𝑐 =  2𝜋𝜋 NA𝑓𝑓  
𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒

Vc
 (1.8) 



 
30 

 

where Vc is the cut-off number (Vc = 2.405). The Eq. 1.8 will be applied in chapter 2 for Fig. 

2.7 and Fig. 2.10, as well as in chapter 4 for Fig. 4.1. 

 

Figure 1.4 (a) A multi mode optical fibre with a core diameter of more than 9 µm is displayed. (b) A single mode optical 
fibre with a diameter of the core 8 µm. Both (a,b) have the same diameter of the cladding 125 µm. (c) and (d) show the side 
cross section of both multi mode and single mode, respectively. 

The cladding diameter of both single mode and multi mode is approximately 125 µm as 

shown in Fig. 1.4 a,b. The diameter of the single mode core typically ranges between 2 and 9 

μm, whereas the diameter of the multi mode core is larger than that. Due to the narrow diameter 

of the single mode core, only one mode can travel through to the central axis [2]. When a single 

mode is present, it can be described by a Gaussian beam profile. This profile characterizes the 

power distribution carried by the wave, with the highest power located at the centre of the beam 

and gradually decreasing towards the edges as shown Fig. 1.4 d [47]. However, in multi mode 

fibres, various modes can travel through the fibre. This is due to the larger core diameter and 

numerical aperture values of multi mode fibres compared to those of single mode fibres. As a 

result, multi mode fibres can support a greater range of angles of incidence, allowing for the 

propagation of multiple modes with different beam profiles as shown Fig. 1.4 c. When operating 

within a range of 10 km or less and when the quality and form of the beam are not particularly 

important, multi-mode optical fibre is a suitable option [43]. 

Fig. 1.5 depicts the normalized propagation constant 𝑏𝑏  as a function of V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛  for 

optical fibres with various modes. These modes are represented by hybrid symbols, HEmn and 

EHmn, which correspond to modes with dominant magnetic and electric fields, respectively. The 

fibre also supports transverse electric and transverse magnetic modes (TE0n and TM0n). The 
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azimuthal mode number (m) dictates angular variations around the circumference of the fibre, 

while the radial mode number (n) determines radial variations from the centre to the outer edge. 

Among these symbols, HE11 specifically denotes the single mode, which is the fundamental 

mode [43,48,49]. If the V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛  is increased to a value greater than 2.405, the optical fibre will 

start to generate multi modes. When the V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛  is 5, for instance, seven different modes are 

supported by the fibre. The parameter 𝑏𝑏 is given by [43]: 

 𝑏𝑏 =  
𝑉𝑉𝑒𝑒𝑓𝑓𝑓𝑓  −  𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐

𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒  −  𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐
 (1.9) 

where 𝑉𝑉𝑒𝑒𝑓𝑓𝑓𝑓 is the effective index or mode index that has physical value in determining the speed 

of light in an optical fibre. Typically, its value lies between 𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒 and 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐. 

 

Figure 1.5 𝑏𝑏 as a function of  𝑉𝑉𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛  with regard to a few of low-order fibre modes [43]. 

1.2.1.3 Dispersion of an optical fibre  

The variation in the speed of electromagnetic wave pulses that travel through an optical 

fibre, which causes the pulses to separate widely gradually, can be used to evaluate dispersion 

in the fibre [43]. There are two types of dispersion that can occur in an optical fibre: intermodal 

and intramodal [50]. In intermodal, the difference is between the different velocities 𝑣𝑣 of the 

modes can occur, leading to delays in multi-mode optical fibre. To simplify the case, the modes 

take different paths ∆𝐿𝐿, and the distance travelled influences the arrival time, causing delay ∆𝑇𝑇. 

The delay is given by the following equation using the propagation velocity [43]: 
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 𝑣𝑣 =  
𝑐𝑐

𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒
 =  

∆𝐿𝐿
∆𝑇𝑇

      →      ∆𝑇𝑇 =  
𝐿𝐿 (𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒)2

𝑐𝑐 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐
 ∆ (1.10) 

where ∆ is index difference and given by: 

 ∆ =  
𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒 −  𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐

𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒
 (1.11) 

In intramodal, dispersion can apply to the single mode optical fibre “chromatic 

dispersion”. Chromatic dispersion is a result of the different wavelengths of light travelling at 

different speeds, which causes the optical signal to spread out or dispersion [50]. The dispersion 

in optical fibre is determined by the material properties as well as the geometry [43]. The total 

dispersion parameter 𝐷𝐷  can be determined by combining the material dispersion 𝐷𝐷𝑀𝑀  and 

waveguide dispersion 𝐷𝐷𝑊𝑊, where 𝐷𝐷𝑀𝑀 is dependent on material properties and 𝐷𝐷𝑊𝑊 is dependent 

on both material properties and the waveguide geometry [43]: 

 𝐷𝐷 =  𝐷𝐷𝑀𝑀 +  𝐷𝐷𝑊𝑊 (1.12) 

Except for vacuum, which is characterized by no dispersion, all other mediums exhibit 

some degree of dispersion [2]. The group index 𝑉𝑉g describes the speed of light pulse travels 

through an optical fibre. The ratio of the speed of light in a vacuum 𝑐𝑐 to the group velocity 𝑣𝑣g 

in an optical fibre is referred to as the 𝑉𝑉g where the value of 𝑣𝑣g can be expressed as the ratio of 

the length of the optical fibre to the time delay produced by different wavelengths while 

travelling through the optical fibre [2]: 

 𝑉𝑉g =  𝑉𝑉 −  λ
𝑑𝑑𝑉𝑉
𝑑𝑑λ

 (1.13) 

where 𝑉𝑉 is the refractive index of the medium. Calculating the derivative of the 𝑉𝑉g with respect 

to wavelength provides the dispersion of a material 𝐷𝐷𝑀𝑀 [43]: 

 𝐷𝐷𝑀𝑀 =  
1
𝑐𝑐

 
𝑑𝑑𝑉𝑉g(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐)

𝑑𝑑λ
 (1.14) 

where 𝑉𝑉g(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐) is the group index of refraction in the cladding of an optical fibre. The 

contribution of 𝐷𝐷𝑊𝑊 to the 𝐷𝐷 is determined by fibre characteristics and the index difference ∆ 

[43]. Since 𝐷𝐷𝑊𝑊 is depended on V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 , it depends on the size of the core (geometry) and the 

refractive index (material properties) and is given by [43]: 
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𝐷𝐷𝑊𝑊 = −

2𝜋𝜋∆
λ2 �

(𝑉𝑉g(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐))2

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐 𝜔𝜔
 
V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 𝑑𝑑2(V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 𝑏𝑏)

𝑑𝑑V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 
2  

+  
𝑑𝑑𝑉𝑉g(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐)

𝑑𝑑𝜔𝜔
 
𝑑𝑑(V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 𝑏𝑏)

𝑑𝑑V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 
� 

(1.15) 

Fig. 1.6 depicts the parameters 𝐷𝐷𝑀𝑀 and 𝐷𝐷𝑊𝑊, as well as their sum 𝐷𝐷, for a standard single-

mode fibre, where ∆ represents the quantity ∆ = 5 × 10-3. In optical communication systems, 

the primary effect of 𝐷𝐷𝑊𝑊 is to shift the zero-dispersion wavelength (λZD) by approximately 30 

to 40 nm, aiming to achieve zero total dispersion (𝐷𝐷) around 1310 nm. Within the wavelength 

range of 1300 to 1600 nm, which is crucial for optical communication, this adjustment also 

reduces 𝐷𝐷 from its 𝐷𝐷𝑀𝑀 value. Around 1550 nm, the average values of 𝐷𝐷 typically range from 

15 to 18 ps/(km-nm), where ps represents pulse spreading over a spectral width of 1 nm and 

propagating through 1 km of the fibre. This wavelength range is particularly significant in 

lightwave systems due to the low fibre loss near 1550 nm. In addition, the core radius of an 

optical fibre is 𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒 = 4 µm; we employ this value for the purposes of this thesis [43]. 

 

Figure 1.6 Total dispersion and the factors relating of material dispersion and waveguide dispersion for a standard 
single-mode fibre [43]. 

1.2.2 Optical microscopy 
One of the oldest and most well-known types of imaging technology is the optical 

microscope, which is usually made up of various lenses [2,51].  Based on the number of lenses, 

the optical microscope can be divided into two categories: a simple microscope (one lens) and 

a compound microscope (more than one lens) [3]. The compound microscope is more 
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commonly used than the simple microscope because it provides a higher level of magnification 

for the image. Fig. 1.7 shows one type of the compound microscope, which has both an eyepiece 

and an objective lens. The sample to be imaged is positioned at the focal length FL of the 

objective lens. The image created by the objective lens is placed at the FL of the eyepiece, 

which amplifies it. Since the eyepiece magnifies the image, some compound microscopes have 

many eyepieces to achieve a larger magnification.  

 

Figure 1.7: The schematic shows the fundamental principle of the compound microscope. The red arrows representing 
the incident beam from the source to the sample and the blue arrows representing the beam reflected from the sample to the 
light detector [51]. 

The examination of small particles is made possible by the use of a magnifying optical 

microscope [51]. Because of this, it has a wide range of applications in a variety of areas that 

need the analysis of small samples such as cell biology, chemistry, and physics [52–54]. Within 

the optical spectrum, the near infrared, visible, and ultraviolet spectral ranges are the most 

frequently employed for optical microscopy [38,52,54]. The resolution of the images is limited 

by the diffraction limit, which will be explained in 1.3; image resolution is one of the challenges 

associated with optical microscopy. As a consequence of this, it is challenging to get a clear 

picture of images of particles with a size of less than 200 nm when employing methods such as 

visible light [55–57]. In the following sections, we will talk about the diffraction limit as well 

as a few applications that try to improve spatial resolution. 
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1.3  Diffraction limit of electromagnetic waves 

Improving the resolution of nanoparticle images in imaging systems is challenging due 

to a phenomenon known as the diffraction limit of electromagnetic waves [1]. The factors that 

have the greatest impact on the spatial resolution are the wavelength in the medium λ𝑛𝑛 and the 

numerical aperture of an imaging systems [1,58]. The numerical aperture of an optical 

microscope system NA𝑛𝑛𝑐𝑐𝑐𝑐 is given by [1]: 

 NA𝑛𝑛𝑐𝑐𝑐𝑐  =  𝑉𝑉𝑛𝑛 𝑠𝑠𝑖𝑖𝑉𝑉𝜃𝜃ℎ (1.16) 

where 𝑉𝑉𝑛𝑛 is the refractive index of the imaging medium that λ𝑛𝑛 travels though it and 𝜃𝜃ℎ is the 

half-angle of the light that collected from the sample under the objective lens as shown in Fig. 

1.8.  

 

Figure 1.8: The numerical aperture parameters of an optical microscope together with the distance d between the 
objective lens and the sample are shown [51].  

The Abbe resolution formula is one approach to calculate the diffraction limit of 

electromagnetic waves for optical microscopy systems which is given by [59]: 

 𝐴𝐴𝑏𝑏𝑏𝑏𝑉𝑉 𝑉𝑉𝑉𝑉𝑠𝑠𝑟𝑟𝑟𝑟𝑉𝑉𝑟𝑟𝑖𝑖𝑟𝑟𝑉𝑉 =  
λ𝑛𝑛

2 𝑉𝑉𝑛𝑛 𝑠𝑠𝑖𝑖𝑉𝑉 𝜃𝜃ℎ
 (1.17) 

The Eq. 1.17 indicates that in order to reduce the diffraction limit, either a short 

wavelength or an increase in numerical aperture is required. From Fig. 1.8, when the sample is 

positioned close to the objective lens by decreasing the distance d, the 𝜃𝜃ℎ can be adjusted until 

it approaches 90 degrees and 𝑠𝑠𝑖𝑖𝑉𝑉 𝜃𝜃ℎ can be set to 1 in Eq. 1.17. This adjustment effectively 

enhances the ability of rays emitted by the sample to penetrate into the objective lens, resulting 

in improved resolution [47]. 

The Rayleigh and Sparrow criteria are two commonly used methods for calculating the 

spatial resolution of an optical system by measuring the spot size [60]. In order to calculate the 

spatial resolution, Rayleigh performs a measurement of the distance between the centre of the 

spot that represents the diffraction limit and the position of the first zero of the power 

distribution. Sparrow determines the spatial resolution of a spot by measuring the full width at 
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half maximum (FWHM) of a spot. The FWHM refers to the distance along the transversal axis 

of the spot at which the power distribution has lost half of its highest value as shown in Fig. 1.9 

[61]. This thesis uses the FWHM measurement for all of the focal spots since it is the method 

with the highest accuracy and the easiest method to apply when compared to the criterion of 

Rayleigh for calculating spatial resolution [60]. 

It is possible to separate the electromagnetic waves that were emitted by the sample into 

two ranges: the far field and the near field. The properties of a sample image can be found in 

both of them. The far field wave that was emitted from the sample travels to the objective lens, 

bringing with it some properties of the image. However, the near field wave vanishes after 

travelling a short distance after exiting the sample, and it may not reach the objective lens. The 

boundary between the near field and far field depends on factors such as the wavelength of light 

and the size of the aperture or diffracting object, depending on the case [62,63]. Some 

applications can benefit from the use of near field imaging and achieving high spatial resolution 

such as near field scanning optical microscopy, superlenses, and PNJ [64–66]. The topics of 

superlenses and PNJ will be discussed in the following two sections with a primary focus on 

PNJs as the central theme of this thesis. 

 

Figure 1.9: Schematic showing the calculation of FWHM [61]. 

1.4  High spatial resolution devices 

This section explores two topics: lenses and PNJs. We investigate the topic of lenses and 

their applications, such as superlenses, as well as the interesting phenomenon of PNJs and their 

potential applications in a variety of fields. 

1.4.1 Lenses 
Lenses have played a significant role in optical systems, operating as transparent materials 

with curved surfaces that modify the behaviour of light. They have the ability to refract or bend 

light beams, hence enabling light to converge or diverge. This characteristic allows lenses to 
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focus properly and magnify images. Lenses can be found in a variety of optical devices, 

including cameras, telescopes, microscopes, and eyeglasses. The operation of these lenses is 

based on the refraction process to provide the desired visual effects [2]. 

Despite the great abilities of conventional lenses, they are constrained by diffraction limit 

which restricts the resolution they can achieve. As technology and scientific understanding have 

progressed, the need for higher resolution imaging has forced the development of new types of 

lenses that are capable of overcoming these diffraction limits. 

The introduction of superlenses has fundamentally transformed the abilities of optical 

systems. Unlike conventional lenses, superlenses utilise the interesting subwavelength imaging 

concept. This phenomenon enables them to overcome the limitations imposed by the diffraction 

limit, which has limited the resolution of conventional optical systems [65]. Superlenses 

achieve this by utilising metamaterials, which have unique subwavelength structures and 

artificial materials. These artificial materials enable superlenses to exceed the limitations of 

conventional lenses and achieve high spatial resolutions. They have become an essential 

element in manipulating the propagation of electromagnetic waves. The first research of 

metamaterials primarily focused on structures that possessed both negative permittivity (−𝜖𝜖) 

and negative permeability (−𝜖𝜖) [67–69]. This was done because structures that exhibited 

negative refractive index (−𝑉𝑉), were considered to have a great deal of application potential in 

subwavelength optics since they offered the possibility of overcoming the limits imposed by 

the diffraction limit [70]. 

 

Figure 1.10: Negative index material can amplify evanescent waves across the lens, so the amplitude of evanescent 
waves at the object and image planes are same [65]. 



 
38 

 

For materials with a positive refractive index, the strength of the evanescent field 

decreases exponentially, and some of the image data in the evanescent field cannot be captured; 

however, when using materials with a negative refractive index, the image data in the 

evanescent field can be captured [2,71–73]. When a lens made of negative index media is placed 

in close proximity to an emitted object, as shown in Fig. 1.10, the near field evanescent waves 

have the potential to be considerably inverted all the way through the lens and the reason is that 

the phenomenon of reflection of Snell's law has been inverted [65,74]. Fig. 1.10 is an illustration 

of one example of a superlens, the benefit of which relies in its ability to overcome the 

diffraction limit by maintaining image data in the near field [65,75]. 

1.4.2 Photonic nanojet (PNJ) 
PNJs have made significant contributions to imaging and sensing devices due to their 

demonstrated ability to detect subwavelength particles [66,76–83]. PNJs can be characterized 

as the near-field focal spot of a high-intensity electromagnetic wave created at the output 

surface of a dielectric when it is illuminated by a planewave [66].  

In 2004, Z. Chen et al. reported on the utilization of a planewave with a wavelength of 

500 nm to illuminate a dielectric cylinder, with a diameter of ten wavelength and a refractive 

index of 1.7, surrounded by air [66]. After generating the focusing spot at the output surface of 

the dielectric cylinder, they demonstrated that this PNJ had a FWHM of the intensity 

distribution along the transversal axis smaller than the diffraction limit (less than half a 

wavelength). The high resolution of PNJs is a result of constructive interference between 

refracted light on the front surface of the dielectric, which converges the beam to a focusing 

spot smaller than the diffraction limit [84–86]. 

The interesting result of PNJs is that they can propagate along the propagation axis for a 

greater distance than one wavelength without significant diffraction and without involving 

evanescent waves [87]. Evanescent waves are the near-field components of an electromagnetic 

wave that decay exponentially with distance from the source [2]. However, in the case of PNJs, 

they remains confined within the near-field region while continuing to propagate along the 

incidence axis without significant diffraction [66,88–91]. 

The size range of the cylinder or sphere dielectrics used to generate PNJ is approximately 

between 2 λ and 40 λ, where λ is the operator wavelength in freespace [88,92]. A small dielectric 

with size << λ instead of acting as a small lens, it scatters light [93]. As PNJs have the ability 

of producing high spatial resolution, having a focal spot with high intensity, and detecting 

subwavelength particles, multiple studies have employed PNJs in various dielectric shapes such 
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as spheres, cylinders, cuboids, triangles, ellipses, and non-symmetrical dielectrics [94–100]. 

Some applications, such as microscopy, imaging of subwavelength particles, Raman 

spectroscopy, sensing of a single molecule, and medical surgery, have benefited from the use 

of PNJs [55,56,86,101–103]. 

PNJs utilizing dielectrics offer promising opportunities, however a challenge is their 

design as free-standing structures with air as the background medium, limiting their practical 

applicability. However, an efficient approach to address this challenge involves creating PNJs 

from optical fibres [85,104–108]. This technique eliminates the requirement for free-standing 

dielectrics and enables free control of the PNJ's location through mechanical or manual 

positioning of the entire structure. As a result, the need for free-standing designs is relaxed. 

Various techniques such as dielectric waveguides, shaped optical fibre tips, core-shell, and 

graded index techniques have been investigated, showing improved performance of PNJs 

compared to those generated using planewaves [100,104–106,109–112]. 

Using a single mode optical fibre is crucial for eliminating higher modes within the fibre 

[113], as these modes can negatively impact the overall response of the generated PNJ. For 

instance, in PNJs created with tip-ended optical fibres, higher modes have been found to cause 

the maximum intensity outside the fibre to shift off-axis [105]. To address this, we selected a 

single mode optical fibre that operates at telecommunication wavelengths (λ0 = 1.55 µm). This 

specific wavelength holds significant importance due to its low fibre loss at 1.55 µm [43]. 

The refractive index of the dielectric plays a critical role in determining the spatial 

resolution of PNJs. According the literature, PNJs can be produced at the output surface of a 

dielectric illuminated with a planewave when the ratio between the refractive index of the 

dielectric and the surrounding background medium should be less than two [88,93,114–119]. 

However, recent studies have demonstrated that this condition can be relaxed by utilizing 

hemispherical high-index dielectrics [94]. The profile of high-index cylindrical (2D) or 

spherical (3D) dielectrics can be truncated by employing techniques similar to those used in 

solid immersion lenses, such as the Weierstrass formulation as will be discussed in section 

2.2.2. The solid immersion lenses are made with a high refractive index to enhance the 

resolution of imaging systems [120]. When these designed structures are illuminated by a 

planewave, they can generate high intensity PNJs near their output surface, opening new 

opportunities for applications that require high spatial resolution. 

The motivation for this thesis is to exploit the advantages of generating PNJs, which have 

the ability to produce high spatial resolution and have a high-intensity focal spot, by using 
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optical fibres, which eliminates the need for free-standing dielectrics. To achieve this goal, a 

dielectric with a high refractive index is placed at the end of a single mode optical fibre. 

Subsequently, the dielectric is truncated at its output surface, enabling to generate the desired 

high spatial resolution PNJ at the output surface of the dielectric. The impact of PNJ properties 

on FWHM resolution, FL position, depth of focus (DoF), and power enhancement will be the 

main focus. The proposed device holds potential applications in scenarios where high spatial 

resolution is critical, particularly in imaging and sensing systems operating at 

telecommunication wavelengths.
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Chapter 2 Key aspects of PNJs, methods and materials 

This chapter provides the literature review of PNJs and the methods and materials utilised 

to create the structure. It studies the influence of incident wavelength and dielectric sizes on 

PNJ performance, emphasising the impact on spatial resolution, FL position, DoF, and power 

enhancement. Additionally, this chapter analyses the effect of the dielectric refractive index on 

the production of PNJs. Furthermore, the use of single mode optical fibres, high refractive index 

dielectric materials, and simulations conducted with CST Studio Suite and COMSOL 

Multiphysics for accurate and efficient design are discussed. 

2.1  Literature review of PNJs 

PNJs have developed as an interesting field of photonics research, with promising 

applications in high resolution imaging [121,122]. These localised light fields are generated 

when incident light interacts with dielectric to form a high-intensity electromagnetic wave focal 

point. Understanding the key parameters affecting PNJ performance, such as incident 

wavelength and dielectric sizes, as well as the refractive index of dielectric, is important for 

developing and optimising their performance [123]. 

The influence of incident wavelength and dielectric sizes on the properties of PNJs is 

discussed below in section 2.1.1. The incident light wavelength is a significant factor in 

determining the spatial resolution of PNJs. The diffraction effects can be minimised by using 

shorter wavelengths, leading to higher resolution imaging [124]. Moreover, the size of the 

dielectric also influences PNJs. The FWHM of the PNJs increases as the dielectric diameter 

increases, affecting image resolution. Additionally, as the dielectric diameter increases, the FL 

moves away from the surface of the dielectric to the freespace, the DoF expands, and the power 

enhancement of PNJs also increases [125]. 

We examine the influence of the dielectric index on PNJs in section 2.1.2. The refractive 

index of both the dielectric and the surrounding background significantly influences the 

properties and performance of PNJs. The performance of PNJs can be broken down into three 

sections based on the refractive index of the dielectric ratio to that of the background [78,93–

95,114,122,126–128]. When the refractive index of the dielectric is less than that of the 

background, there is no FL formed outside the dielectric. For a refractive index ratio between 

1 and 2, FLs are located around one wavelength from the output surface of the dielectric. In 
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contrast, the FLs will be generated inside the dielectric when the ratio of the index of refraction 

of the dielectric to that of the background is greater than 2 [93]. By using high refractive index 

dielectric materials and truncating them, this thesis enables us to examine the possibility of 

creating PNJs with a high spatial resolution. 

Finally, we perform simulations using parameters from the literature review in section 

2.1 and discuss the results to confirm their accuracy and validity. We do not directly take results 

from other papers. We conduct all simulations using CST Studio Suite, utilizing parameters 

found in the literature review, and provide references accordingly. 

2.1.1 Effect of incident wavelength and dielectric sizes 
PNJs can be generated across a wide range of wavelength in the electromagnetic spectrum 

[129]. The wavelength of the generated PNJs is one of the variables that can impact spatial 

resolution because shorter wavelengths reduce diffraction effects, resulting in higher resolution 

imaging. The Abbe resolution in Eq. 1.17 discusses how the wavelength affects the diffraction 

limit. Additionally, it is important to note that other parameters in Eq. 1.17, such as the 

numerical aperture, also affect the diffraction limit [129–131].  

The first study on PNJs by Z. Chen et al. has discussed that the spatial resolution of the 

PNJs changes when a planewave with a changing wavelength illuminates a dielectric cylinder 

[66]. In that work, the ratio between the diameter of the dielectric cylinder and the wavelength 

of the incident planewave was found to be constant between the two sizes of dielectric cylinders 

as shown in Fig. 2.1 a,b. Accordingly, when the first diameter (d1) of a dielectric cylinder is 5 

μm and the second diameter (d2) is 6 μm, the first size of the dielectric cylinder (d1) is 

illuminated with a wavelength (λ1) of 250 nm. The second size of the dielectric cylinder (d2) is 

then illuminated with a wavelength (λ2) of 300 nm. The ratio between the two dielectric cylinder 

sizes and their corresponding wavelengths remains constant at 20 [66].  

The ratio of the refractive index of the dielectric nd to the refractive index of the 

background nb that surrounds it, given as nd/nb = 1.75, was kept the same in all of the dielectrics 

in Fig. 2.1. This was done so that the PNJ would continue to be located at the output surface of 

the dielectric cylinder [129]. More information regarding the refractive index ratio can be found 

in section 2.1.2.  

Fig. 2.1 a,b illustrates the influence of incident wavelength on spatial resolution for two 

dielectric cylinders. The FWHM of the intensity along the transversal axis of the PNJ increases 

from 120 nm to 130 nm as the incident wavelength increases from λ1 = 250 nm to λ2 = 300 nm 

[66]. This indicates that a shorter wavelength should be utilised to improve spatial resolution. 
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Figure 2.1: The CST Studio Suite is utilised to simulate the structure in which the generated PNJ is located at the 
output surface of the 2D dielectric cylinder. The simulation represents the power enhancement in the xz plane, where the 
magnetic field polarized along the x axis with propagation along the z axis. The centre of all dielectric cylinders is at x = z = 
0. The ratio of the refractive indexes nd / nb = 1.75 for all of them with (a) d1 = 5 μm and λ1 = 250 nm, (b) d2 = 6 μm and λ2 = 
300 nm, and (c) d3 = 10 μm and λ2 = 300 nm. The values for the parameters above are obtained from a corresponding reference 
[66]. 

The impact of the dielectric diameter on the PNJ was analysed as part of the same study 

that focused on the dielectric cylinder [66]. After determining that nd/nb should be set to a value 

of 1.75 in order to preserve the location of the PNJ at the output surface, the diameter of the 

dielectric was increased from d2 = 6 μm to d3 = 10 μm while the incident wavelength was 

constant at λ2 = 300 nm as shown, respectively, in Fig. 2.1 b,c. Fixing the incident wavelength 

by changing the dielectric diameter is equivalent to fixing the dielectric diameter while 

changing the incident wavelength [132,133]. When the dielectric diameter was increased from 

d2 to d3, an increase in the FWHM was observed, with the result being a value of 140 nm rather 

than 130 nm [66]. A larger dielectric enables more light waves to contribute to the formation 

of the PNJ [76]. As a result, the PNJ formed has a larger diameter, resulting in a larger FWHM. 

It is important to mention that several parameters, such as the wavelength, the shape and size 

of the dielectric, and the refractive index of the dielectric, can also affect the properties of the 

PNJ [128]. 
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Not only does the diameter of the dielectric cylinder have an impact on the spatial 

resolution, but it also has an influence on the length of the PNJ [134]. The DoF is the length of 

the PNJ along the propagation axis, and it is measured as the distance at which the power 

enhancement at the FL decays to half of its maximum along the propagation direction 

[135,136]. When the diameter of the dielectric was increased from d2 to d3, the DoF of the PNJ 

expanded from 500 nm to 1000 nm [66]. The main cause of this phenomenon is that a dielectric 

surface with a larger radius of curvature generates more aberration [137]. Consequently, this 

larger aberration results in a longer extension of the PNJ length. In specific applications, such 

as PNJ etching and marking on semiconductors and metals, as well as for improving imaging 

performance by protecting the dielectric from contacting a specimen, DoF is a significant factor 

[104,135,138–141]. 

 

Figure 2.2: Schematic illustrating the calculation of DoF [135]. 

When a dielectric sphere is considered by Z. Chen et al. [76], the size of the dielectric 

sphere has an effect on the spatial resolution, the location of the FL, and the power 

enhancement, which is similar to the cylinders from Fig. 2,1, as expected. Fig. 2.3 a-d show 

dielectric spheres with diameters increasing in the following order: d4 = 1 μm, d5 = 2 μm, d6 = 

3.5 μm, and d7 = 8 μm, respectively, that have been illuminated by a planewave with a 

wavelength of λ3 = 400 nm. Additionally, the ratio of the index of refraction of the dielectric 

sphere and the index of refraction of the background that surrounds it is always the same: nd/nb 

= 1.59. Using 1 < nd/nb < 2, the PNJ would generate at the output surface of the dielectric 

spheres, as will be discussed in section 2.1.2. In that work, the results demonstrated that as the 

diameter of the dielectric sphere increased, the FWHM also increased, becoming 130 nm, 150 

nm, 190 nm, and 210 nm, respectively. Similar to the case of cylinders in Fig. 2.1 b,c as 

expected, the results in Fig. 2.3 demonstrated a correlation between the variables of dielectric 

sphere diameter and FWHM. Increasing the size of the dielectric allows more light waves to 

participate in forming the PNJ, leading to a larger FWHM [125]. The FL of the dielectric sphere 
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moves further away from the surface of the dielectric sphere and towards the freespace as the 

diameter of the dielectric sphere increases. In these studies, the nd/nb ratio was considered to be 

less than two in order to achieve FL outside of or at the output surface of the dielectric. Recent 

studies conducted with a dielectric that has a high refractive index in comparison to the 

background nd/nb > 2 have shown that FL shifts away from the output surface of the dielectric 

sphere and moves further inside the dielectric sphere as the diameter of the dielectric sphere 

increases [94]: such a difference in the refractive index compared to the background will be 

discussed in the following section. Lastly, an increase in the dielectric diameter can increase 

the power enhancement of the PNJs. This is because more light waves can contribute to the 

production of the PNJ as the dielectric size increases [137,142]. 

 

Figure 2.3: The CST Studio Suite is used to simulate the structure in which a dielectric sphere is used to generate the 
PNJ. The simulation represents the power enhancement in the xz plane, where the polarisation of the magnetic field is along 
the x axis and propagation is along the z axis. x = z = 0 is the centre of all dielectric spheres. The ratio of the refractive indexes 
nd/nb = 1.59 with λ3 = 400 nm for all of them for diameter (a) d4 = 1 μm, (b) d5 = 2 μm, (c) d6 = 3.5 μm, and (d) d7 = 8 μm. The 
values for the parameters here were provided from the respective reference [76]. 

2.1.2 PNJs with different refractive index of dielectrics 
The previous section 2.1.1 studied the properties of PNJs, such as FWHM, the position of 

FL, and the power enhancement, where the index of refraction of the dielectric and background 
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is given by (1 < nd/nb < 2); however, this section 2.1.2 focuses on the impact of the refractive 

index of the dielectric in the properties of the PNJs. The index of refraction of the dielectric and 

the background significantly affects the properties and performance of PNJs [126]. To achieve 

subwavelength light focusing and satisfy the properties of PNJs, it is important to locate PNJs 

on the output surface of the dielectric [143]. This positioning improves the efficacy of PNJs by 

permitting light waves to converge and generate a highly concentrated spot beyond the 

diffraction limit [127]. The investigation of refractive index of the dielectric can be broken 

down into three sections in order to find out where the FL is located; my thesis will use one of 

these sections when nd/nb > 2: 

• The first section is when the index of refraction of a dielectric is less than that of the 

background. If the ratio of the refractive index of the dielectric material (nd) to that of 

the surrounding background (nb) is less than 1 (nd/nb < 1), no FL is generated outside 

the dielectric material [93]. The illustrated Fig. 2.4 depicts a dielectric sphere being 

illuminated from the left by a planewave. This simulation was generated using the 

CST Studio Suite simulation. To ensure consistency with the findings in references 

[126,128,144], the simulation parameters such as the dielectric sphere diameter, 

refractive index, and wavelength were all kept identical to the references. In Fig. 2.4 

a, the wavelength is λ4 = 800 nm, and the electric field is polarized along the y axis, 

while the magnetic field is polarized along the x axis, with the wave propagating in 

the z axis direction [144]. The diameter of the dielectric sphere is d8 = 5 μm. Noting 

that the ratio of the refractive index is greater than one to observe the FL distance 

from the outer surface of the dielectric sphere. The refractive index ratio is nd/nb = 

1.096, and the FL is determined outside the dielectric sphere and far from its surface 

at a distance of approximately 3.6 μm, as seen in Fig. 2.4 a. 

• The second section is utilised when the ratio of the refractive index of the dielectric 

to the index of refraction of the surrounding background falls between 1 and 2 (1 < 

nd/nb < 2). Here the PNJs are found at a distance of approximately one wavelength 

from the output surface of the dielectric [77,78,145,146]. The distance between the 

PNJs and the output surface of the dielectric decreases when the ratio nd/nb increases 

[130]. For nd/nb = 2, PNJs are generated exactly on the output surface of the dielectric 

[93]. Fig. 2.4 b corresponds to the same setup as Fig. 2.4 a, with the difference that 

the ratio of the refractive index is nd/nb = 1.45 [144]. The setup in Fig. 2.4 c,d uses a 

wavelength of λ5 = 400 nm and the diameter of the dielectric sphere is d9 = 2 μm 
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[126]. In Fig. 2.4 c, the ratio of the refractive index is nd/nb = 1.43, while in Fig. 2.4 

d, the ratio of the refractive index is nd/nb = 1.59. Using these parameters, the PNJs 

are generated, as in Fig. 2.4 b-d, just at the output surface of the dielectric sphere. 

  

Figure 2.4: To demonstrate the location of the PNJ, a dielectric sphere illuminated by a planewave was simulated 
using the CST Studio Suite. The simulation represents the power enhancement in the yz plane, where the electric field is 
polarized along the y axis, and the propagation direction is along the z axis. The centre of all dielectric spheres is located at y 
= z = 0. The wavelength of (a) and (b) is λ4 = 800 nm, and the diameter of the dielectric is d8 = 5 μm. The refractive index 
ratio is nd/nb = 1.096 and 1.45, respectively [144]. (c) and (d) are illuminated by λ5 = 400 nm when d9 = 2 μm. The ratio is 
nd/nb = 1.43 and 1.59, respectively [126]. (e) has a ratio nd/nb = 2.5 when λ6 = 515 nm and d10 = 10 μm [128]. 

• The third section is when the ratio between the index of refraction of the dielectric 

and that of the surrounding background is higher than two (nd/nb > 2). As expected, 
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the PNJs will be generated inside the dielectric because the incident wavelength is 

strongly refracted on entering the cylinder or sphere dielectrics [93,94,122,128,147]. 

Fig. 2.4 e depicts the result where a wave is propagating in the z axis direction with a 

wavelength of λ6 = 515 nm [128]. The diameter of the dielectric sphere is d10 = 10 

μm, and the ratio of the refractive index is nd/nb = 2.5, as shown in Fig. 2.4 e. Based 

on these parameters, the PNJs will be located inside the dielectric sphere. 

 

Figure 2.5: CST Studio Suite is utilised to simulate the structure in which a dielectric cylinder is used to generate the 
PNJ. The simulation represents the power enhancement in the xz plane, where the magnetic field is polarised along the x axis, 
and the propagation is along the z axis. x = z = 0 represents the centre of all dielectric cylinders. The ratio of the refractive 
indices is (nd/nb) = 9.59 for all the dielectric cylinders with a diameter of d11 = 6.6 mm. The dielectric cylinder is illuminated 
on the left side by λ7 = 6 mm and λ8 = 3 mm for (a) and (c), respectively. The truncated dielectric cylinder is illustrated in (b) 
for (a) and displayed in (d) for (c), respectively. The values for the parameters in this figure were obtained from the relevant 
reference [94]. 

The aim of this thesis is to explore the properties of PNJs produced using high refractive 

index dielectric, with a particular emphasis on the potential for generating PNJs with high 

spatial resolution after truncating the high refractive index dielectric. In a recent study, a high 

refractive index dielectric was investigated in comparison to the surrounding background with 

a refractive index ratio of nd/nb = 9.59 [94]. The dielectric used in the study had a fixed diameter 



 
49 

 

of d11 = 6.6 mm when illuminated by a planewave with a changing wavelength from λ7 = 6 mm 

to λ8 = 3 mm, as shown in Fig. 2.5 a,c respectively. PNJs are generated inside the dielectric as 

expected, similar to the result observed in Fig 2.3 e. The results in Fig. 2.5 a,c indicate that the 

position of the FL changes as wavelength changes from λ7 = 6 mm to λ8 = 3 mm. Specifically, 

as the wavelength decreases with the fixed dielectric size, or when the dielectric size increases 

with a fixed wavelength [133], the position of the FL shifts from being inside and close to the 

outer surface to being further deep inside the dielectric. The findings in chapter 3 align with the 

present result here, demonstrating that as the dielectric size increases while maintaining a fixed 

wavelength, the PNJ's position moves from near the outer surface to further inside the dielectric. 

 

Figure 2.6: To simulate the structure in which a truncated dielectric sphere is utilised to generate the PNJ, the CST 
Studio Suite is used. The truncated dielectric sphere is illuminated on the left by a wavelength of λ7 = 6 mm, where x = z = 0 
denotes the centre of all dielectric spheres. The simulation represents power enhancement in the xz and yz planes for (a) and 
(b), respectively. Additionally, the simulation represents the power enhancement on the xy plane (c) at the output surface of 
the truncated dielectric sphere (front face). The electric field is polarised along the y axis, while the magnetic field is polarised 
along the x axis. The propagation direction is along the z axis. The diameter of all dielectrics is d11 = 6.6 mm, and the refractive 
index ratio is (nd/nb) = 9.59. The power enhancement along the transversal x and y axes is shown in (d) and (e) at the output 
surface of the truncated dielectric sphere, respectively. Parameter values in this figure were obtained from the relevant 
reference [94]. 

Given that the PNJ is formed inside the high refractive index dielectric, it is essential to 

use an appropriate method for transferring the PNJ from inside the dielectric to its output 

surface. To do that, the Weierstrass formulation for immersion lenses approach is a suitable 

method, and it was utilised in a previous study [94]. This method is important to achieving the 

PNJ at the output surface of the dielectric and will be further discussed in section 2.2.2. The 

shape of the truncated dielectric cylinder for Fig. 2.5 a and c is depicted in Fig. 2.5 b and d, 
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respectively. By utilizing this method, PNJs can transfer to freespace from the flat surface of 

the truncated dielectric cylinder.  

Consider the truncated dielectric sphere depicted in Fig. 2.6, which has the same 

configuration as Fig. 2.5 a but a sphere instead [94]. The output surface of the truncated sphere 

clearly shows the presence of a PNJ, as demonstrated in Fig. 2.6 a,b. Fig. 2.6 c illustrates the 

power enhancement on the xy plane, specifically on the cross-section of the front face at the 

output surface where the PNJs are produced. To facilitate comparison, Fig. 2.6 d,e show the 

results of power enhancement along the x axis (at y = 0) and y axis (at x = 0), respectively, at 

the output surface of the truncated dielectric sphere. These results demonstrate high spatial 

resolution with FWHMx = 0.08λ7 and FWHMy = 0.06λ7 along the x and y axes, respectively 

[94]. Based on these findings, this thesis will use a high refractive index dielectric truncated at 

the output surface to achieve high spatial resolution PNJs. The results of chapter 3 will 

demonstrate that PNJs with the high spatial resolution are generated at the output surface of the 

truncated cylinder and truncated sphere dielectrics. 

2.2  Methods and materials used in the design of my structure 

This section provides an overview of the design details for optical fibres and dielectrics. 

Firstly, we discuss single mode optical fibre, which is crucial for generating PNJs, that operates 

at 1.55 μm wavelength and its materials. Secondly, we discuss the use of dielectric materials 

with a high refractive index to improve spatial resolution. Two designs are considered: one 

design uses the dielectric immersed in the air, whereas the other uses the dielectric immersed 

in the cladding material as the surrounding background. Lastly, we illustrate the use of CST 

Studio Suite and COMSOL Multiphysics with an appropriate mesh cell size for highly accurate 

and efficient simulations. 

2.2.1 An optical fibre with a single mode 
In this study, we utilize a single mode optical fibre operating at telecom wavelengths (λ0 

= 1.55 μm), where λ0 represents the wavelength in freespace. The fibre consists a cylindrical 

core and cladding, and the use of a single mode optical fibre is necessary to eliminate any higher 

modes that may exist inside the optical fibre itself [113]. These higher modes have the potential 

to deteriorate the overall responsiveness of the PNJs [105]. It has been shown that higher modes 

can cause the maximum intensity outside the centre of the optical fibre to shift off-axis when 

PNJs are created using tip-ended optical fibres, for example [105]. In this scenario, the core of 

our single mode optical fibre (ncore = 1.445) is composed of silicon dioxide that has been slightly 
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doped with germanium (SiO2-Ge), and the cladding (ncladding = 1.44) is composed of silicon 

dioxide (SiO2). The diameters of the core and cladding are 8 μm and 125 μm, respectively. An 

illustration of the proposed structure for the single mode optical fibre as schematic is shown in 

Fig. 2.7 a. In order to provide a comprehensive picture, Fig. 2.7 b illustrates a side view as well 

as the profile of the fundamental mode of the fibre as a red curve.  

 

Figure 2.7: (a) A schematic of a single mode optical fibre is presented, while (b) provides a detailed side view of a 
dotted line within the optical fibre. The power distribution of the fundamental mode inside the optical fibre is depicted as a red 
line in (b). Additionally, the materials comprising the optical fibre are visible in (b). 

For competence, let us make the consideration that the optical fibre is illuminated by an 

electric field polarised along the y axis (Ey) and a magnetic field polarised along the x axis (Hx), 

with propagation along the z axis. The polarization of the light does not affect the mechanism 

of total internal reflection that allows the light to propagate through the optical fibre. However, 

as the light exits the optical fibre and interacts with the dielectric cylinder or dielectric sphere, 

the polarisation influences the ability of light to focus sharper [148–154]. 

By applying Eq. 1.7, one can determine the numerical aperture of the optical fibre NA𝑓𝑓, 

which represents the ability of the optical fibre to gather light. Based on this equation, the 

calculated value of NA𝑓𝑓 is 0.12. In addition, using Eq. 1.6, the value of V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 is 1.94, which 

determines both the number of modes and the cut-off (λ𝑐𝑐 ) in the optical fibre. Since the 

V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 is lower than 2.405, this optical fibre is capable of producing only a single mode when 

using a wavelength of λ0 = 1550 nm, as discussed in section 1.2.1.2 [43]. 
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2.2.2 High refractive index dielectric materials 
Since the proposed structure is to produce a PNJ with high spatial resolution from a high 

refractive index dielectric, the dielectric is truncated using the Weierstrass formulation for 

immersion lenses approach, as previously mentioned in section 2.1.2. The Weierstrass 

formulation is a mathematical expression that describes the shape of an immersion lens, which 

is a specialized type of lens used in microscopy [155]. When an immersion lens is placed in 

direct contact with the observed specimen, Weierstrass formulation can achieve high levels of 

resolution, enabling a thorough examination of the specimen's structures and features 

[156,157]. 

The Weierstrass formulation for immersion lenses allows us to truncate the dielectric that 

has a high refractive index, which is how we overcome this problem [157]. The spatial 

resolution of the spot focus is improved when the dielectric is truncated using the Weierstrass 

formulation for immersion lenses [158–160]. This improvement is achieved through the 

reduction of the spot size when a wave transitions from a truncated dielectric to freespace 

through a truncated flat surface. During this transition, an angle is formed between the incident 

wave and the flat surface. If this angle becomes small enough to exceed the critical angle, the 

wave exits the truncated high index dielectric and enters freespace at a larger refractive angle. 

Consequently, the spot size decreases, resulting in improved spatial resolution for spot focus 

[161]. 

 

Figure 2.8: The truncated distance is shown in a schematic that corresponds to the Weierstrass formulation for 
immersion lenses [162]. 

The truncated dielectric has been implemented in a variety of applications, including 

optical data storage and microscopy [161,163,164]. Additionally, the truncated dielectric has 

been employed in situations where a dielectric is illuminated with a Bessel-modulated Gaussian 

beam [165]. The truncated distance corresponds to the value presented in Eq. 2.18 [94,162,166]: 

 𝑎𝑎 = �1 +  
𝑉𝑉𝑛𝑛

𝑉𝑉𝑐𝑐
� 𝑅𝑅 − 𝑅𝑅 (2.18) 

where 𝑎𝑎 is the truncated distance from the centre of the dielectric C, from Fig. 2.8, and 𝑅𝑅 

is the radius of the dielectric. With this arrangement, the dielectric is truncated along the dashed 

line depicted in Fig. 2.9. It is essential to note that Eq. 2.18 is valid for immersion lenses 
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illuminated with a planewave. However, our approach differs as we use the fundamental mode 

of a single mode optical fibre, as illustrated in Fig. 2.9. While we initially employ Eq. 2.18 as 

a starting point, the final truncation distance a needs to be optimized, as it will be shown in 

chapter 3 and 4 below. In the following chapters, we present a detailed investigation of the 

performance of the proposed high index dielectric particle placed on top of the optical fibre to 

generate high spatial resolution PNJs. 

 

Figure 2.9: (a) When looking at an optical fibre from the side, it resembles Fig. 2.7 b. However, in this case, the 
dielectric is positioned at the end of the fibre and is surrounded by air. (b) Both the dielectric and the core of the optical fibre 
are covered by a cladding material. This cladding material has a refractive index value of ncladding = 1.44. In both cases (a,b), 
the design parameters for the truncated dielectric structure are represented by variables such as a, C, and R. 

The first design is a high refractive index dielectric placed at the end of an optical fibre 

as illustration in Fig. 2.9 a. The structure is evaluated through simulation in chapter 3, both in 

two-dimensions 2D (using a dielectric cylinder) and in three-dimensions 3D (using a dielectric 

sphere). The results were discussed in terms of spatial resolution, power enhancement, location 

of the FL, and decay distance with different truncation positions. We selected a refractive index 

for this dielectric of nd = 3.3 and without loss of generality, which is close to the value of 

frequently used materials at telecom wavelengths such silicon [1,19]. The structure is analysed 

when air (with a refractive index of nb = 1) is used as the surrounding background. The ratio of 

the refractive index of the dielectric medium to that of the background medium is greater than 

two in this scenario nd/nb > 2. We anticipate that the PNJ will be formed within the high index 

dielectric because of (nd/nb > 2) as will be shown in chapter 3 and as demonstrated in [94].  

The second design is for the experimental configuration, which involves immersing the 

dielectric in the cladding material (ncladding = 1.44), as shown in Fig. 2.9 b. The structure is 

evaluated in 3D using a Ge sphere with a refractive index of nd = 4.295 and an extinction 
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coefficient of k = 0.0050938 at 2 µm wavelength [167]. The results were then examined and 

discussed with respect to different truncated positions. Detailed explanations for these specific 

values will be provided in chapter 4. Even when the refractive index of the surrounding 

background is increased to nb = 1.44 in Fig. 2.9 b, the resulting refractive index ratio between 

the dielectric material and background medium is greater than two (nd/nb > 2). Consequently, 

immersing the dielectric in the cladding material enables to generate the PNJs at the output 

surface of the dielectric once the dielectric is truncated, as will be seen in chapter 4. It is 

important to note that this immersion of the dielectric causes a slight modification in the value 

of parameter a, as described in Eq. 2.18, compared to the value of a in Eq. 2.18 for the setup 

presented in Fig. 2.9 a. This change is a result of the increased refractive index of both the 

surrounding background and the dielectric material. 

2.3  Utilizing 3D CST microwave studio for structure design 

For investigating structures in electromagnetic simulations, accurate and efficient 

simulators are important. This section will discuss the key aspects of optical fibre and dielectric 

design for simulation using CST Studio Suite. The 3D simulations of CST Studio Suite require 

careful consideration of mesh cell sizes to achieve accurate results and improved computing 

performance. By utilising approximately 10 mesh cells per wavelength and utilising the 

symmetry of the structure, simulations can be solved faster and with high accuracy [168]. To 

further reduce simulation time, the cylindrical cladding of an optical fibre can be reshaped into 

a cubic cladding, reducing the number mesh cells while maintaining the same power 

distribution values. Increasing the number of mesh cells within and around the dielectric sphere 

will improve the accuracy of the result. 

2.3.1 Simulation of 3D optical fibre configuration 
The CST Studio Suite is a commercial 3D simulation software produced by Computer 

Simulation Technology AG, Germany. It provides a simulation tool for electromagnetic 

phenomena, such as wave propagation, scattering, diffraction, and absorption. Its most 

important features are the ability to simulate complex 3D structures and the properties of 

materials, as well as powerful visualisation capabilities. It is widely used in various industries, 

including telecommunications and imaging devices [169]. 

The finite-difference time-domain (FDTD) is a numerical method for simulating 

electromagnetic phenomena in 3D structures, and it is used in commercial software such as 

CST Studio Suite. The FDTD method breaks down the simulated structure into small mesh cells 
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and applies Maxwell's equations to compute the electric and magnetic fields at each mesh cell. 

FDTD simulations in CST Studio Suite can be used to study a wide range of electromagnetic 

phenomena, and the accuracy and efficiency of the simulations depend on various factors, such 

as mesh cell size [170]. Mesh cell sizes are crucial for accurate and efficient structure 

simulations in commercial software like CST Studio Suite. These small hexahedral mesh cells 

represent the simulated structure or device, and their size can significantly impact the accuracy 

of simulation and computational performance. The impact of cell size on the accuracy of my 

structure has been examined and the results are provided in appendix A. When the mesh cells 

are smaller, the simulation can capture finer details, allowing for a better understanding of the 

structure or device and resulting in a more accurate simulation. Additionally, these small cells 

also make the boundaries of electromagnetic field analysis accurate by capturing the finer 

details of shape and curvature that can have significant impacts when electromagnetic fields 

interact with the structure or device [171]. 

In Fig. 2.10 a, the core of the optical fibre has a diameter of 8 μm, while the cladding has 

a diameter of 125 μm, as mentioned in section 2.2.1. The optical fibre used in CST Studio Suite 

has a length of 5 μm. Since the structure is considered as a lossless material, the length of the 

optical fibre does not have an impact on the simulation results. The waveguide port at the back 

side excites the single mode optical fibre, with the electric field is (Ey) polarized along the y 

axis and the magnetic field is (Hx) polarized along the x axis, while propagation is along the z 

axis. Here, we must determine the minimum wavelength allowed for only a single mode to 

propagate. By utilising Eq. 1.8, we can determine the minimum wavelength λ𝑐𝑐  (cut-off) 

required for the optical fibre to generate a single mode. According to Eq. 1.8, the cut-off value 

is λ𝑐𝑐 = 1254 nm. In this case, the simulation covers a range of wavelengths, specifically from 

λmin = 1545 nm to λmax = 1555 nm. To gather information on the distribution of the 

electromagnetic field, field monitors are utilized in CST Studio Suite. The wavelength chosen 

from the field monitors is λ0 = 1550 nm, which is known to experience the least amount of 

losses in the optical fibre [43]. 

To achieve accurate results while using CST Studio Suite, it is crucial to determine the 

appropriate mesh cell size. The size of the mesh cell is determined by the wavelength of λ0 in 

freespace. When choosing a mesh cell size within the structure (the cladding and the core) 

shown in Fig. 2.10, it is recommended to have approximately ten meshes (cells) per wavelength 

[168]. In this case, the minimum mesh cell size is 0.11λ0 at both the cladding and the core. 

Conversely, the maximum mesh cell size is 0.16λ0 in the air. The use of mesh cell size in this 
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study was considered appropriate due to previous studies demonstrating its efficiency 

[144,168,172]. 

  

Figure 2.10: The illustration has been obtained from the CST Studio Suite. It displays the structure of an optical fibre, 
with (a) representing the actual size of the optical fibre (a cylinder cladding), and (b) representing the structure that is being 
used (a cube cladding). 

The symmetry of the structure along the x and y axes allowed it to be divided into four 

quadrants; thus, we only needed to solve one quadrant to determine the value for all four. As a 

result, the CST Studio Suite only solves a single quadrant, which leads to a reduction in the 

solving time. Since the type of symmetry in the CST Studio Suite can be electric or magnetic, 

the xz plane was selected and made Ex = 0; this will eliminate the polarisation of the electric 

field E along the x axis where the wave propagation is along the z axis. This involved 

eliminating the tangential component of the electric field parallel to the xz plane and polarising 

the normal component of the electric field perpendicular to the xz plane along the y axis. 

Similarly, the yz plane was chosen with Hy = 0 to eliminate the magnetic field polarisation along 

the y axis. This involved eliminating the tangential component of the magnetic field parallel to 

the yz plane and polarising the normal component of the magnetic field perpendicular to the yz 

plane along the x axis. In this specific instance, not only should CST Studio Suite solve for only 

a quarter, but also the polarisation of the electric field of the electromagnetic wave is along the 

y axis (Ey), and the magnetic field is polarized along the x axis (Hx). By doing that, the structure 

comprises 8,897,436 mesh cells after applying symmetry, compared to 35,583,744 mesh cells 

without symmetry.  
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The 8,897,436 mesh cells still pose a challenge since the mesh cells for a dielectric 

material must be added. Adding a dielectric material at the end of the optical fibre, as will be 

shown in section 2.2.2, the total number of mesh cells should be significantly increased, 

increasing the required solving time. For instance, as illustrated in Fig. 2.14, when the number 

of mesh cells for the dielectric alone reaches 11,686,533, the solving time is affected even more 

[171]. To address the time issue and ensure the accuracy of the final result, the cylindrical 

cladding of the optical fibre was cut and shaped into a cubic shape, resulting in a reduced 

number of mesh cells, as illustrated in Fig. 2.10 b. CST Studio Suite allows for open boundaries 

to be selected, which enables the flat surfaces at the edges of a cube to be considered as infinitely 

long in the x and y axes, which can be seen in all four directions, top, bottom, right, and left in 

Fig. 2.10 b. The width of the cube was reduced to 50 μm, while its length has remained the 

same at 5 μm throughout this process. To ensure consistency in obtaining a single mode inside 

the optical fibre, the diameter of the cylindrical core has remained unchanged, resulting in the 

same outcomes depicted in Fig. 2.10 a. The mesh cell size, in Fig. 2.10 a and Fig. 2.10 b, 

remains unchanged, ranging from a minimum of 0.11λ0 to a maximum of 0.16λ0. The total 

number of mesh cells has been reduced to 1,411,551 due to the cylindrical cladding of the 

optical fibre being cut and reshaped into a cubic form. Therefore, this value of 1,411,551 is the 

number of meshes in my structure without dielectric. 

Fig. 2.11 illustrates the power distribution planes for a cylinder and a cube cladding, 

respectively. The dimensions x, y, and z are parameterized to the freespace wavelength, which 

is set to λ0 = 1.55 μm. As depicted in Fig. 2.11, a single mode is clearly generated inside the 

optical fibre, and this process has been explained in section 1.2.1.2. To locate the difference in 

power distribution, the ratio of power distribution between cube and cylinder optical fibres is 

calculated in order to determine the power enhancement. Fig. 2.11 b and Fig. 2.11 d represent 

the power distribution for the cube optical fibre, while Fig. 2.11 a and Fig. 2.11 c represent the 

power distribution for the cylinder optical fibre. The power enhancement is obtained by 

dividing the power distribution along the z axis at x = y = 0 for the cube optical fibre by the 

power distribution along the z axis at x = y = 0 for the cylinder optical fibre, as illustrated in 

Fig. 2.12. This calculation enables a comparison of the power distributions for the two 

geometries and facilitates the evaluation of the power enhancement. 

In this study, using CST Studio Suite, we observed that the power distribution at the centre 

in both cylinder and cube claddings of the optical fibre are similar, as illustrated in Fig. 2.12. 

Both structures have this similarity because the power enhancement along the z axis equals 1. 
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The oscillations on the negative z direction (left side) result from the wave reflecting at the 

output surface of the optical fibre (z = 0). A standing wave is generated when two waves with 

the same wavelength and amplitude travel in opposite directions and interfere with each other 

at this point in the process. On the positive z direction (right side), the results are constant over 

distance because the wave propagates in a freespace without any reflection. 

  

Figure 2.11: (a) The power distribution is on the xz plane at y = 0 for a cylinder cladding, while (b) is the power 
distribution for a cube cladding. (c) The power distribution is on the yz plane at x = 0 for a cylinder cladding, whereas (d) is 
the same plane of the power distribution for a cube cladding. The electric field is polarized along the y axis, and the magnetic 
field is polarized along the x axis. The propagation direction is along the z axis, with the output surface of the optical fibre 
located at z = 0. The power distribution values in the scale bar have been normalised by a factor of 1e9 to provide a clearer 
picture of the results between 0 and 9.5. 

The power distribution of a Gaussian beam can be observed in both cube and cylinder 

optical fibre preforms along the transversal x and y axes in Fig. 2.11. This Gaussian beam has 

the highest power distribution at the centre of the optical fibre and gradually decreases towards 

the edges, allowing Gaussian beams to remain focused over long distances because the centre 

of the beam provides the majority of the power needed for focusing [47]. Fig. 2.13 compares 
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the power distribution of the transversal axes of both cylinder and cube claddings in the middle 

of the fibre to illustrate the differences in the Gaussian beam curves of the two fibre shapes. 

 

Figure 2.12: The power enhancement along the z axis at the point where x and y both equal zero in the optical fibre. 
This enhancement compares the power distribution in both structures by dividing the power distribution propagating within a 
cube optical fibre by the power distribution of a cylinder optical fibre. The power distribution values are extracted from Fig. 
2.11 b and Fig. 2.11 a. At z = 0 is the output surface of the optical fibre for two structures. 

To evaluate the power distribution of a Gaussian beam at the centre of the optical fibre, 

the FWHM is used along the transversal x and y axes, as previously mentioned in section 1.3. 

In the case of cylinder cladding, the FWHMs of the power distribution along the transversal x 

and y axes at z = - 2.5 μm are FWHMx = 3.84λ0 and FWHMy = 3.84λ0, respectively. Similarly, 

the FWHMs of the power distribution for cube cladding are FWHMx = 3.84λ0 and FWHMy = 

3.84λ0. These results indicate that the power distribution in both structures is similar, and that 

the cube cladding is suitable for simulations, this approximation will then be used in further 

chapters of this thesis. 

  

Figure 2.13: At z = - 2.5 μm, the power distribution was calculated for both a cube-shaped and a cylinder-shaped 
optical fibre along the transverse x and y axes, as shown in (a) and (b), respectively. The cube cladding is depicted by a blue 
line, while the cylinder cladding is represented by a red dashed line. The values of the power distribution have been normalised 
by a factor of 1e9 for better representation of the results in the range 0 to 10. 
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2.3.2 Simulation of 3D dielectric setup 
Once the optical fibre has been arranged according to the configuration depicted in Fig. 

2.11 b,d, a dielectric sphere has to be introduced at the end of the optical fibre. In order to 

achieve accurate results, the number of hexahedral mesh cells within and surrounding the 

dielectric sphere was increased, as illustrated in Fig. 2.14. In the dielectric region, the mesh cell 

size in terms of the wavelength in freespace λ0 is 0.05λ0, which is greater than ten meshes (cells) 

per wavelength. The mesh size is the same in the air region, at 0.16λ0, and in the cladding and 

core regions, both at 0.11λ0. As a result, for a given radius R of the dielectric sphere, the number 

of mesh cells across the radius is 11 mesh cells for R = 0.55λ0 and 31 mesh cells for R = 1.55λ0. 

These particular values of R were chosen based on a previous study and will be discussed further 

in chapter 3 [94]. 

The CST Studio Suite enables the selection of local mesh properties, allowing for an 

increase in the number of mesh cells within an object. To assess the accuracy of the FL location 

in the simulation, we examined the results obtained from varying mesh cell sizes along the 

radius of the dielectric sphere R, as depicted in appendix A. This thesis uses 40 mesh cells 

across the radius of the dielectric sphere because it has a negligible effect on the location of the 

FL. 

 

Figure 2.14: The illustration was extracted from the CST Studio Suite, where the mesh cells are depicted as a cross-
section of the dielectric sphere in the yz plane. The dielectric sphere has a radius of R = 0.55 λ0, and the inserting image 
displays that along its radius there are 40 mesh cells. 
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2.4  Employing 2D COMSOL Multiphysics for structure design 

This section will briefly discuss the structure of optical fibre and dielectric by utilizing 

the COMSOL Multiphysics. In 2D simulations, the size of the mesh cells is significant, and 

employing an extremely fine mesh can further improve the accuracy of the results. It is essential 

to reduce the size of mesh cells within and surrounding the dielectric cylinder in order to 

improve the accuracy of the results. COMSOL Multiphysics is a powerful simulation software 

that offers a wide range of tools for modelling and optimizing the behaviour of various optical 

devices in 2D. With this software, researchers can simulate the interactions between light and 

different media and structures, including dielectric and optical fibres in 2D [106,139,173,174]. 

The simulation allows for accurate analysis of light propagation, reflection, refraction, and 

diffraction, enabling researchers to refine the performance of optical devices and improve their 

designs. COMSOL Multiphysics for photonics simulation in 2D provides faster simulations 

than 3D modelling because it simplifies the geometry and decreases the computation time by 

disregarding the third dimension [159]. 

The Finite Element Method (FEM) is a numerical technique used for solving Maxwell's 

equations. The process includes dividing a structure into finite elements, which are simpler and 

smaller parts. These elements are interconnected, forming a mesh that represents the structure. 

The method then combines these individual element solutions to produce the overall result for 

the entire system [175]. 

COMSOL Multiphysics uses the FEM to simulate by breaking down the mesh cell shape 

into triangular or quadrilateral elements as shown in Fig. 2.15. In COMSOL Multiphysics, the 

user first designs a structure by selecting the geometry, material properties, and boundary 

conditions. The software then generates a mesh of finite elements that breaks down the structure 

on itself [176]. In Fig. 2.15 a, the 2D fibre structure is immersed in air from top, bottom, right, 

and left. A port covering the whole 2D fibre, both the core and the cladding, is utilized to 

illuminate the fibre from the left. The electric field is polarised along the y axis and propagates 

along the positive z axis. Finally, the refractive index for the core is ncore = 1.445, the cladding 

is ncladding = 1.44, and the air is nb = 1. When determining the appropriate mesh cell sizes for the 

structure depicted in Fig. 2.15 a, which includes cladding, core, and freespace regions, it is 

recommended to aim for approximately ten cells per wavelength [106,174,177]. In this instance, 

the chosen mesh cell size within the cladding and core regions is 0.1λ0. In the air region (the 

right scattering region, which is of particular interest), the mesh size is set at 0.002λ0. 
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Figure 2.15: The provided figure is generated using COMSOL Multiphysics software, which visualizes the mesh cells 
as cross-sections. Specifically, the cross-sections represent the optical fibre (a) and the optical fibre with the dielectric cylinder 
(b) in the yz plane. (a) The inserting image shows the three structural regions of cladding, core, and freespace. (b) The dielectric 
cylinder has a radius of R = 0.55λ0, and the inserting image depicts the extremely fine mesh inside and around the dielectric 
cylinder. 

Fig. 2.15 b depicts a dielectric cylinder is placed at the end of an optical fibre. Both the 

optical fibre and the dielectric are immersed in air, similar to the setup shown in Fig. 2.9 a. To 

maintain consistency with the 3D scenario, the dielectric material has a refractive index of nd = 

3.3, without losses. The optical fibre illuminates the dielectric cylinder from the left side. For 

accurate simulation results, the dielectric material mesh cells in COMSOL Multiphysics have 

a minimum size of 0.0006λ0. Reducing the mesh cell size has been considered to be appropriate, 

depending on the effective use and results of previous studies [178]. The mesh cell size in 

COMSOL Multiphysics is comparatively less than that in CST Studio Suite because to the 

reduced computational time required for simulations in COMSOL Multiphysics.
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Chapter 3 Exploring photonic nanojets for high-resolution spatial focusing 

in telecommunication wavelengths 

In this chapter, we present a technique for achieving high spatial resolution focusing of 

electromagnetic waves at telecommunication wavelengths (λ0 = 1.55 µm) by placing high-

refractive index dielectrics at the end of an optical fibre. Our technique is to produce PNJs with 

narrow focusing spots and high intensity. We evaluate the performance of the device in both 

2D and 3D configurations using cylindrical and spherical high-index dielectrics placed at the 

end of an optical fibre, respectively. We demonstrate how PNJs can be shifted towards the 

output surface by truncating the output profile of the high-index dielectric. By engineering the 

size and truncation distance of the 2D/3D dielectric particles, this simple modification enables 

us to obtain a PNJ with a high transversal resolution.  

The objective of this work is to present a comprehensive analysis and design process for 

3D truncated dielectrics, starting from ideal scenarios of 2D dielectric cylinders and progressing 

towards more realistic devices. In section 3.1, the effect of varying the full size and truncation 

distance of idealized 2D dielectric cylinders on their PNJ properties is examined. Moving on to 

section 3.2, the focus is on investigating the influence of truncated dielectric cylinders with 

finite transverse length, specifically a 3D high refractive index dielectric cylinder positioned at 

the end of an optical fibre, on the PNJ. Finally, in section 3.3, the impact of full size, truncated 

dielectrics, losses, and shape imperfections of dielectric spheres on PNJ parameters such as 

spatial resolution, power enhancement, location of the FL, and decay distance is studied. The 

proposed structure demonstrates promise for sensing and imaging systems which need high 

spatial resolution in the near field. The majority of the content in this chapter has been published 

in the following references [179–181]. 

3.1  High index dielectric cylinder (2D) 

This section focuses on investigating high index dielectric cylinders in 2D using 

COMSOL Multiphysics software to determine the initial performance of the structure. The 

section is divided into two parts. Section 3.1.1 evaluates the idealised full 2D dielectric cylinder 

surrounded by air and illuminated by an optical fibre. We investigate the effect of varying the 

size of the dielectric cylinder on the performance of the PNJ. 
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In section 3.1.2, we apply a truncation on the dielectric cylinder in order to generate a 

PNJ at the output surface of the dielectric. To do this, we utilize the Weierstrass formulation 

for immersion lenses as a starting point for truncating the dielectric cylinder. Then, we perform 

a parametric analysis of the structure by changing the distance between the centre of the 

dielectric cylinder and the flat output surface. This enables us to determine the PNJ at the output 

surface of the truncated dielectric cylinder. 

3.1.1 Full dielectric cylinder 
The 2D structure of a full dielectric cylinder surrounded by air on the top, bottom, and 

right sides is illustrated in Fig. 2.15 b. On the left side, the 2D optical fibre is attached to a full 

dielectric cylinder. The optical fibre is illuminated, with a wavelength of λ0 = 1.55 μm, from 

the left using a port that covers the whole fibre (core and cladding). The electric field of the 

light is polarized along the y axis, and it propagates in the positive z axis direction. Finally, the 

mesh cells with a maximum and minimum mesh size of 0.1 λ0 and 0.0006 λ0, respectively, was 

utilised, as described in section 2.4. 

 

Figure 3.1: The power enhancement along the z axis at y = 0 for all the different values of R is shown in (a-c). (d) The 
FL for all the different values of R, ranging from R = 0.55λ0 to R = 1.55λ0 with steps of 0.1λ0. In (a-c) and (d), the black lines 
that run vertically and horizontally at zero, respectively, represent the output surface of the full 2D dielectric cylinders. 

We initially determined the size of the dielectric cylinder to be similar to the size used in 

previous findings utilising cylinders and spheres with a high refractive index as mentioned in 

section 2.1.2 [94]. According to those results, the radius of the dielectric cylinders and spheres, 

R, in relation to the freespace wavelength λ7 is R = 0.55λ7, where λ7 has a value of 6 mm. In 

this study, we employ a similar relationship for the freespace wavelength resulting in R = 

0.55λ0. To ensure consistency, we also utilised the radius in relation to the wavelength inside 
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the dielectric cylinder in order to maintain the similar scale with the previous results [94]. In 

this study, we utilized a dielectric refractive index value (nd = 3.3) that differs from the one 

employed in previous findings (nd7 = 9.59). Additionally, the wavelength used in this study is 

also different from that of the previous findings. Based on those results, the radius of the 

dielectric was approximately R ≈ 5λd7, where λd7 represents the wavelength inside the dielectric 

cylinder, calculated as λd7 = λ7 / nd7. To determine the wavelength inside the dielectric cylinder 

for this study, we utilized the relationship λd0 = λ0 / nd, where λd0 represents the wavelength 

inside the dielectric in this study. Consequently, employing R ≈ 5λd0 in this study, the radius of 

the dielectric cylinder is approximately equivalent to R ≈ 1.52λ0. 

To fully examine the impact of dielectric size on PNJs, we explored dielectric cylinder 

sizes ranging from R = 0.55λ0 to R = 1.55λ0, increasing with step of 0.1λ0. Specifically, we 

examined dielectric sizes of 0.55λ0, 0.65λ0, 0.75λ0, 0.85λ0, 0.95λ0, 1.05λ0, 1.15λ0, 1.25λ0, 

1.35λ0, 1.45λ0, and 1.55λ0, and analysed their impact on the performance of the PNJs under 

study. Fig. 3.1 a-c displays the power enhancement along the z axis at the centre of the dielectric 

cylinder y = 0.  The enhancement was calculated by dividing the power distribution along the z 

axis when using a dielectric cylinder and an optical fibre by the power distribution on the z axis 

when using an optical fibre only. The black line at z = 0 denotes the output surface of the 

dielectric cylinder, and the positive z axis is the freespace. All FLs are generated inside the 

dielectric cylinder, in the negative z side, and their locations vary with the dielectric size. FL 

defines the distance from the output surface of the dielectric to the focus of light. These results 

agree with previous studies given that the ratio of the dielectric index nd to the refractive index 

of the surrounding background nb is greater than 2 (nd/nb = 3.3) [88,128]. In order to understand 

the results regarding the relationship between FLs and dielectric size, Fig. 3.1 d shows the FL 

for all R values, from R = 0.55λ0 to R = 1.55λ0 with steps of 0.1λ0. The FL shifts from a position 

closer to the surface of the dielectric cylinder (on the inside of the cylinder) to a position further 

inside the dielectric cylinder (deeper inside the cylinder) as the size of the dielectric cylinder 

increases, which is also in agreement with what was reported in [94]. We chose four sizes as 

examples to display the power enhancement in yz plane, which are 0.55λ0, 0.85λ0, 1.25λ0, and 

1.55λ0. Through Fig. 3.2 a-d, the FL can be seen clearly formed inside the dielectric of all sizes. 

The spatial resolution of these FLs inside the dielectrics was calculated as shown in Fig. 3.2 e-

h. At the corresponding FL for each value of R, the FWHM of the power enhancement along 

the transversal y axis was determined to be 0.46λd0, 0.56λd0, 0.42λd0, and 0.46λd0 for R = 0.55λ0, 

0.85λ0, 1.25λ0, and 1.55λ0, respectively (with λd0 ≈ 470 nm). Here, 0.13λ0, 0.16λ0, 0.12λ0, and 

0.13λ0 represent the corresponding values of the FWHMs in terms of the freespace wavelength. 
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Figure 3.2: Power enhancement on the yz plane taking into consideration a radius R of the full 2D dielectric cylinder 
of (a) R= 0.55λ0, (b) R= 0.85λ0, (c) R= 1.25λ0, and (d) R= 1.55λ0, respectively. It displays that the contour scales have been 
saturated from 0 to 5 so that the results can be compared more effectively. The transversal y axis of the power enhancement at 
the position of the FL (z = FL) for the radius of (e) R= 0.55λ0, (f) R= 0.85λ0, (g) R= 1.25λ0, and (h) R= 1.55λ0 is extracted by 
using the same values of R as in panels (a-d). 
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3.1.2 Performance analysis of truncated dielectric cylinder structure with varying 

truncation distance 
To get the PNJ out from inside to the outside of the dielectric cylinder, the dielectric 

cylinder is truncated using Eq. 2.18. To do this, we select the radius of the dielectric cylinder 

to R = 1.55λ0 (so that the wavelength inside the dielectric cylinder is similar to the previous 

work under planewave illumination [94]). In continuation with the previous work, we also 

analysed the dielectric size with R = 0.55λ0. This size assures that the wavelength in freespace 

is similar to the previous work in terms of the wavelength in freespace. The results demonstrated 

that PNJs are generated at the output surface of the dielectric cylinder, however their power 

enhancement values are close to 1. The detailed results of this analysis can be found in appendix 

B i. When employing Eq. 2.18 with R = 1.55λ0, the resulting value for a is a ≈ 0.47λ0. This 

represents the distance between the centre of the dielectric cylinder and the output flat surface, 

which is the cutting line, as depicted in Fig. 2.9 a. Importantly, the illumination differs from a 

planewave (as considered in [94]) when the dielectric is at the end of an optical fibre. Because 

of this difference in illumination, it is anticipated that will need to have a slight adjustment 

made to it in order to account for such a change in illumination. To achieve this, a parametric 

study of the performance of the structure is carried out, taking into consideration values of a 

(for the fixed R = 1.55λ0), which range from ∼ 0.39λ0 to ∼ 0.55λ0 with steps of ∼ 0.006λ0 (600 

nm to 860 nm with a step of 10 nm). 

By truncating the dielectric cylinder, we are able to generate FLs outside of it for all 

values of a, as shown in Fig. 3.3 a (in the positive vertical axis). The outer FLs from the 

dielectric surface range from 0.05λ0 to 0.32λ0. The closest FL to the dielectric flat surface 

obtains at a ≈ 0.52λ0. To evaluate the spatial resolution of the obtained FLs, we calculate the 

FWHM based on the FL locations appearing outside the dielectric cylinder, as illustrated in Fig. 

3.3 b. The FWHM values range from 0.28λ0 to 0.45λ0 for all values of a, indicating spatial 

resolutions smaller than the diffraction limit, which is less than half the wavelength [56,83]. 

Notably, the highest spatial resolution achieved is 0.28λ0 when a is between 0.50λ0 to 0.54λ0. 

We also evaluate the power enhancement at the FL position. As shown in Fig. 3.3 c, the power 

enhancement values range from 2 to 9 based on different values of a. The result indicates that 

the highest values of the power enhancement are achieved when a is increased, specifically up 

to a ∼ 0.55λ0. However, due to the location of the generated PNJs is moved further from the 

output surface of the 2D truncated dielectric, the spatial resolution is slightly reduced as 

expected [95,110]. 
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Figure 3.3: (a) The FL of a truncated dielectric cylinder is shown with different values of a. The output surface of all 
truncated dielectric cylinders is represented by the zero on the horizontal axis. Additionally, the FWHM (b) and power 
enhancement (c) can be determined as functions of a, specifically at the position of the FL, for a truncated 2D dielectric cylinder 
with R = 1.55λ0. (d) The power enhancement along the propagation z axis when y = 0 is for a ≈ 0.47λ0, 0.52λ0, and 0.54λ0. The 
output surface of the truncated dielectric cylinder is at z = 0. 

In Fig. 3.3 d, where the FLs appears outside the truncated dielectric cylinder, we present 

three examples of the power enhancement along the z axis in which a equals the exact value 

from Eq. 2.18 (a ≈ 0.47λ0), the closest FL to the flat surface of the truncated dielectric cylinder 

(a ≈ 0.52λ0), and the highest power enhancement (a ≈ 0.54λ0). The power enhancement along 

the z axis for all values of a is illustrated in appendix B ii. The present study demonstrates that 

adjusting the truncation position has the ability to influence the convergence or divergence of 

light as it passes the truncated dielectric cylinder. This adjustment generates PNJs with 

high spatial resolution [159,161,182]. The results presented in Fig. 3.3 c demonstrate the 

highest power enhancement achieved at approximately 9 when the parameters R and a were set 

to 1.55λ0 and 0.54λ0, respectively. Fig. 3.4 a illustrates the power enhancement on the yz plane 

for the truncated dielectric cylinder, demonstrating the formation of PNJ outside of the 

truncated dielectric cylinder. Furthermore, the power enhancement along the transverse y axis 

at the FL is also seen in Fig. 3.4 b, where it is up to 9 times more than in structures without the 

truncated dielectric cylinder.  

Based on the results from Fig. 3.3 b, the best structure is determined by the value of a that 

enables the excitation of a PNJ with the narrowest FWHM and closest FL to the output surface. 

We find that when the FL approaches the surface of the truncated dielectric cylinder, the spatial 

resolution of PNJ increases, and this is in agreement with what was reported in [94,95,110]. As 

explained above, for the case with R = 1.55λ0, the truncated 2D dielectric cylinders with a ≈ 
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0.50λ0 to 0.54λ0 generate the PNJs with the highest resolution, whereas the design with a ≈ 

0.52λ0 produces the FL that is closest to the output surface. By considering into account these 

conditions, the best structure for R = 1.55λ0 would be determined to be a ≈ 0.52λ0. This value 

of a is close to but not exact to the one obtained with Eq. 2.18, a ≈ 0.47λ0, as expected given 

that the illumination is no longer a planewave. As expected by Eq. 2.18, different values of a 

will be required if a different value of R is selected. For completeness, the power enhancement 

on the yz plane for the truncated dielectric cylinder with a ≈ 0.52λ0 and the power enhancement 

along the y axis at the position of the FL (z = 0.05λ0) are shown in Fig. 3.4 c,d, respectively. 

According to these results, the ability of generating PNJs with high spatial resolution is 

achieved with a transversal resolution of FWHM = 0.28λ0 and a power enhancement at the FL 

that is 4 times higher than the case without the truncated dielectric cylinder. 

 

Figure 3.4: Power enhancement on the yz plane for R = 1.55λ0 and (a) a ≈ 0.54λ0 (c) a ≈ 0.52λ0. Power enhancement 
along y axis at the FL, extracted from panel (a) for (b) and extracted from panel (c) for (d). 

In summary, the results shown in Fig. 3.1 demonstrate that the generated PNJ is inside 

the dielectric cylinders when using ideal full 2D high index dielectric cylinders placed on top 

of the optical fibre. However, by truncating the output profile, as depicted in Fig. 3.3, the PNJ 
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can be generated close to the output flat surface of the truncated dielectric cylinder. Finally, we 

have examined 2D dielectric cylinders with a truncated output surface. 

3.2  Investigation of non-ideal 2D cylinders: dielectrics with finite sizes 

In this section, we examine the scenario where a 3D high refractive index dielectric 

cylinder is positioned at the end of an optical fibre. These cylinders are not fully 2D and the 

purpose is to demonstrate the influence of utilizing these truncated dielectric cylinders with 

finite transverse length on the PNJ. In our investigation, we consider truncating the dielectric 

cylinder at its output, with a value of 0.52λ0, similar to what is illustrated in Fig. 3.4 c,d. This 

particular value of a was chosen because it produces the best structure in 2D, which is 

characterized by the excitation of a PNJ with the narrowest FWHM and the closest FL to the 

output surface. 

 

Figure 3.5: (a-c) Considering transversal lengths of 0.4λ0, 0.6λ0, 0.8λ0, respectively, power enhancement in the yz plane 
for the truncated 3D dielectric cylinder with R = 1.55λ0 and a = 0.52λ0 (to make it better to view the results, the contour scales 
have been saturated from 0 to 3). (d-f) Similar to (a-c), but with the xz planes where the transversal lengths of the truncated 
dielectric cylinders are clear to see. (g-i) Calculated power enhancement along the z axis with y = x = 0 based on the results 
presented in (a-f). 
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As illustrations in Fig. 3.5, we present the results of power enhancement on the yz and xz 

planes for truncated dielectric cylinders with transversal lengths (L) along the x axis. These 

transversal lengths are L = 0.4λ0, 0.6λ0, and 0.8λ0, as depicted in Fig. 3.5 a,d, Fig. 3.5 b,e, and 

Fig. 3.5 c,f, respectively. For completeness, we also provide the results of power enhancement 

along the propagation z axis, shown in Fig. 3.5 g, h, and i, corresponding to each transversal 

length of 0.4λ0, 0.6λ0, and 0.8λ0, respectively. The different L values of finite truncated 

dielectric cylinders, which have been chosen as an example, enable us to evaluate the impact 

on the properties of the PNJ. The results obtained show that a PNJ is generated outside the 

truncated dielectric cylinder in two cases: when the transversal length is L = 0.4λ0, the FL is FL 

= 0.1λ0, and when the transversal length is L = 0.8λ0, the FL is FL = 0.08λ0. However, for the 

case with a transversal length of L = 0.6λ0, the FL is located inside the dielectric. As the length 

of the truncated dielectric cylinder increases, the power enhancement also increases due to the 

increased refraction of light, as seen in Fig. 3.5 g, h, and i. Consequently, a modification in the 

length of the truncated dielectric cylinder impacts the position of the PNJ, in agreement with 

what was reported in [143,183]. These findings demonstrate how finite truncated cylinders can 

generate PNJs with different FLs, depending on the transversal dimension of the dielectric, as 

expected [182]. Despite using finite 3D configurations, it is important that the results are 

comparable to those discussed in Fig. 3.4 c,d, which present ideal 2D configurations, 

particularly in terms of the locations of the PNJs. This indicates that even with the truncation 

and finite dimensions, the PNJ properties are consistent with those observed in ideal 

configurations. 

3.3  High index dielectric sphere (3D configuration) 

In this section, the CST Studio Suite is used to analyse the impact of various factors on 

the properties of PNJs generated by 3D high index dielectric spheres in order achieve a more 

realistic design. There are four parts in this section. Firstly, in section 3.3.1, we examine the 

influence of the full size of the dielectric sphere on PNJ characteristics such as power 

enhancement and the location of the FL. Moving on to section 3.3.2, the effects of varying 

truncation distances in dielectric spheres on PNJs are investigated. In section 3.3.3, we further 

explore how dielectric losses affect the position of the FL, power enhancement, and spatial 

resolution of the PNJs. Lastly, in section 3.3.4, we investigate the potential impact of decay 

distance and shape imperfections of the truncated hemispherical dielectric on PNJ parameters. 

The results presented in this section enables us to determine the PNJ with a high spatial 

resolution for use in sensing and imaging systems. 
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3.3.1 Analysis of difference sphere sizes 
As shown in Fig. 2.14, the 3D structure of a full dielectric sphere is surrounded by air. 

The optical fibre is attached to a full dielectric sphere on the left side. The optical fibre is 

illuminated from the left using a port that covers the fibre, including both the core and cladding. 

The wavelength of the light used is λ0 = 1.55 μm. To maintain consistency with the results 

presented in section 3.1.1, in which the structure was analysed in ideal 2D scenarios, the same 

methods are used for this 3D analysis. Specifically, we examine a range of dielectric sizes from 

R = 0.55λ0 to 1.55λ0, with steps of 0.1λ0. For the simulation, we considered an electric field (Ey) 

polarized along the y axis and a magnetic field (Hx) polarized along the x axis, with propagation 

is along the z axis. Finally, maximum and minimum mesh size for a refined hexahedral mesh 

were 0.16λ0 and 0.016λ0, respectively, as mentioned in 2.3. 

 

Figure 3.6: The power enhancement along the z axis at x = y = 0 for all the different values of R is shown in (a-c). (d) 
The FL for all the different values of R, ranging from R = 0.55λ0 to R = 1.55λ0 with steps of 0.1λ0. In (a-c) and (d), the black 
lines that run vertically and horizontally, respectively, represent the output surface of the full 3D dielectric spheres. 

In Fig. 3.6 a-c, we evaluate the power enhancement along the z axis at the centre of the 

structure (x = y = 0). All the FLs are generated along the negative z axis, which means that the 

focal spots are formed inside the dielectric sphere, with varying distances depending on the size 

of the dielectric sphere. As expected and consistent with the results discussed in section 3.1.1, 

where full 2D cylinders were used (as depicted in Fig. 3.1), we find that the FLs for the full 3D 

dielectric spheres are also generated within the dielectric. This is due to the relatively high value 

of the nd in comparison to nb. Specifically, the ratio of nd/nb is 3.3, which is greater than the 

value of 2. Consequently, FLs are generated within the dielectric spheres [88,128]. 

Additionally, the results presented here display similarities to the findings we presented at a 
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conference (refer to appendix C i). However, it is important to note that these results apply 

specifically to a smaller size of the 3D dielectric sphere, where the formation of FLs are inside 

the dielectric sphere. 

In accordance with what has been reported in [76,142], the power enhancement increases 

as the size of the dielectric spheres increases, because more light waves can contribute to the 

production of the FL. The FL distances range from - 0.97λ0 to - 0.32λ0 from the outer surface 

of the dielectric sphere as shown in Fig. 3.6 d. Also, as the size of the dielectric sphere increases, 

the FL moves from a location that is closer to the surface of the dielectric sphere (on the inside 

of the sphere) to a location further within the dielectric sphere (deeper inside the sphere), which 

is also in line with what was reported in [94].  

 

Figure 3.7: (a,b) The power enhancement results are shown on the xz and yz planes for a full 3D dielectric sphere with 
a radius R = 1.55λ0. The contour scales are saturated between 0 and 100 to allow better observation of the results. (c,d) The 
power enhancement extracted from the results in (a,b) is presented along the x and y axes, respectively. The calculations were 
performed at a specific position along z axis, z = - 0.97λ0. 

In order to be consistent with section 3.1.2, we determined the size of the dielectric sphere 

to be R = 1.55λ0. This size, in relation to the wavelength within the dielectric sphere, has a 

similar scale with the previous results [94]. We find from Fig. 3.6 a-c for R = 1.55 λ0 that it has 
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the highest power enhancement. From here, in Fig. 3.7 a,b show the power enhancement in two 

planes xz, yz respectively for a dielectric sphere with a radius of R = 1.55λ0. We clearly find the 

FL is inside the dielectric as expected and at a distance of - 0.97λ0 from the outer surface of the 

dielectric. The spatial resolution of the focus inside the dielectric was calculated at a distance 

of - 0.97λ0 in the z axis and is given by the value FWHMs = 0.56λd for both x and y axes where 

λd is the wavelength inside the dielectric sphere, shown in Fig. 3.7 c,d. 

3.3.2 Exploring the impact of varying truncation distance on PNJs in truncated 

dielectric spheres 
To move the PNJ from the inside of the dielectric sphere to its output surface, the 

dielectric sphere is truncated using Eq. 2.18. To do that, we choose the radius of the dielectric 

sphere to be R = 1.55λ0 as mentioned in section 3.1.2. When the dielectric sphere is truncated 

using Eq. 2.18, the Eq. 2.18 gives a value of a ≈ 0.47λ0, and then the value of a is changed from 

∼0.39λ0 to ∼0.55λ0 with steps of ∼0.006λ0 (600 nm to 860 nm with a step of 10 nm). Using 

this setup, Fig. 3.8 a illustrates the results of the obtained FL as a function of the truncated 

distance a. As observed, PNJs are generated inside the 3D truncated dielectric sphere, unlike 

the ideal 2D situation discussed in section 3.1.2. Furthermore, when the results from Fig. 3.8 a 

and Fig. 3.3 a are compared, it can be seen that the PNJs in the 3D setup are closer (but 

still inside) to the output surface than those produced with the 2D setup (between - 0.06λ0 and 

- 0.02λ0 from the output surface for the 3D configuration). This is in agreement with what was 

reported in [94] under planewave illumination where it was demonstrated how PNJs generated 

inside dielectrics but were able to leak out into freespace. 

To determine the spatial resolution of the generated PNJs, the FWHM of the power 

enhancement along the x and y axes at the output flat surface of the truncated dielectric sphere 

(z = 0) for all values of a was calculated as shown in Fig. 3.8 b. The resulting FWHM values, 

as a function of the value of a, on the x axis (represented by the blue line) ranged from 0.21λ0 

to 0.31λ0, while those on the y axis (represented by the red line) ranged from 0.16λ0 to 0.21λ0. 

All FWHM values are less than half the wavelength and this is better than the spatial resolution 

shown within the full dielectric sphere in Fig. 3.7 c,d. Here, it is observed that the modification 

of the truncation position has the potential to enhance the convergence or divergence of light 

as it passes the truncated dielectric sphere. This modification provides a narrower FWHM, 

resulting in improved spatial resolution [159,161,182]. 
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Figure 3.8: (a) Position of the FL for different values of a inside the 3D truncated dielectric sphere. (b,c) FWHM and 
power enhancement as a function of a calculated at z = 0, respectively, for 3D truncated dielectric spheres with a radius of R 
= 1.55λ0. (d) When x = y = 0, the power enhancement along the propagation z axis is for a ≈ 0.41λ0, 0.47λ0, and 0.50λ0. The 
output surface of truncated dielectric spheres is located at z = 0. 

We determine the power enhancement at the output flat surface of the truncated dielectric 

sphere (z = 0). As shown in Fig. 3.8 c, the power enhancement values range approximately from 

20 to 70 based on different values of a. Fig. 3.8 d presents three examples of power 

enhancement along the z axis, where the FLs are positioned inside a truncated dielectric sphere. 

These examples of three different values of the a: one in which a is equivalent to the exact value 

determined by Eq. 2.18 (a ≈ 0.47λ0), another in which a demonstrates the highest spatial 

resolution (a ≈ 0.41λ0), and the third in which a provides the highest power enhancement (a ≈ 

0.50λ0). For an in-depth examination of the power enhancement along the z axis across all 

values of a, see appendix C ii. In agreement with what was reported in [66,76], it has been 

observed that the 3D design provides higher power enhancement of the PNJs in Fig. 3.8 c 

compared to the case of 2D in Fig. 3.3 c. 

The results shown in Fig. 3.8 c provide the highest power enhancement obtained at ~ 70 

(at z = 0) when the values of parameters R and a were given as 1.55λ0 and 0.50λ0, respectively. 

Fig. 3.9 a,b displays the best power enhancement in xz and yz planes. It is observed that the FL 

is located within the truncated dielectric sphere, with a portion of it leaking outside the truncated 

dielectric sphere, as shown in Fig. 3.8 d, as expected [94]. The transverse axes of the power 

enhancement at z = 0 for both x and y are shown in Fig. 3.9 c,d, respectively. The power 

enhancement on the outside flat surface of the truncated dielectric sphere, specifically at x = y 

= z = 0, is approximately 70 with a spatial resolution of FWHMx = 0.24λ0 along the x axis and 

FWHMy = 0.20λ0 along the y axis. 
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Figure 3.9: (a,b) Power enhancement for the truncated dielectric sphere with R = 1.55λ0 and a ≈ 0.50λ0 on the xz and 
yz planes, respectively. The contour scales are saturated from 0 to 15, making it easier to view the results and compare them. 
(c,d) The power enhancement along the x and y axes, evaluated at z = 0, was extracted from (a,b), respectively. 

In Fig. 3.8 b, we observed the spatial resolution of different values of a for 3D truncated 

dielectric sphere. The best structure for R = 1.55λ0 can be obtained by taking into consideration 

the smallest FWHM along the x and y axes, resulting in a value of approximately a ≈ 0.41λ0. 

Fig. 3.10 a,b depicts the power enhancement on the xz plane (where y = 0) and the yz plane 

(where x = 0) for a truncated dielectric sphere with a ≈ 0.41λ0. This value of a is close to, but 

not equal to the value obtained from Eq. 2.18, a ≈ 0.47λ0, as expected the illumination no longer 

a planewave, as discussed in section 3.1.2. The analysis demonstrated that the design in Fig. 

3.10 a,b generated a PNJ within the truncated dielectric sphere that leaks into freespace. To 

better understand this behaviour, the power enhancement along the z axis in the centre of the 

structure (where x = y = 0) was extracted from Fig. 3.10 a,b and then displayed in Fig. 3.8 d. 

The PNJ was found to be positioned at z = - 0.04λ0 and decayed as it exited the output flat 

surface of the truncated dielectric sphere into freespace at z = 0, with a power enhancement of 

approximately 27 at that position. The spatial resolution of the generated PNJ was analysed in 

term of wavelength in freespace. In Fig. 3.10 c,d, the power enhancement along the transversal 

x and y axes at z = 0 was plotted (extracted from Fig. 3.10 a,b, respectively). The results 
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demonstrated that the highest spatial resolution in the x and y axes was obtained for a ≈ 0.41λ0 

with FWHMx = 0.21λ0 and FWHMy = 0.17λ0 respectively. When comparing the spatial 

resolution of the result in Fig. 3.10 c,d with the literature review that uses an optical fibre 

structure, it is seen that Fig. 3.10 c,d demonstrates a higher spatial resolution in comparison to 

literature review [85,104–108]. The results of this study illustrate the ability to produce PNJs 

with both high intensity and high spatial resolution at the output surface of a truncated 3D high 

index dielectric sphere positioned at the end of an optical fibre. 

 

Figure 3.10: (a,b) The power enhancement of a truncated dielectric sphere is presented, with parameters R = 1.55λ0 
and a ≈ 0.41λ0 on the xz and yz planes, respectively. To facilitate result visualization and comparison, the contour scales are 
saturated from 0 to 5. (c,d) The power enhancement along the x and y axes was extracted at z = 0 from (a,b), respectively. (e) 
The values of the FWHMs along the x and y axes as a function along z axis extracted from Fig. 3.8 d at a ≈ 0.41λ0 is shown. 
The black horizontal line indicates the point at which the FWHM equals 0.5λ0. 
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We analyse the spatial resolution of the PNJ along the z axis (propagation axis) for a ≈ 

0.41λ0. as presented in Fig. 3.8 d. However, as we move away from z = 0 and progress towards 

the positive z axis (i.e., into freespace), the power enhancement gradually decays. This decay 

of the power enhancement impacts the spatial resolution along the transverse x and y axes. To 

evaluate the effect of this decay on spatial resolution, we calculated FWHM of the power 

enhancement along the transverse x and y axes at different positions along z axis. These 

positions along the z axis are from z = 0 to z = 0.6λ0 with a step size of 0.05λ0, as illustrated in 

Fig. 3.10 e. The results clearly demonstrate that the spatial resolution decreases as we move 

away from the PNJ starting at z = 0, as expected [95,110]. However, the spatial resolution along 

the z axis remains less than half the wavelength of the x axis from z = 0 to z = 0.35λ0 

(approximately 0 to 550 nm). The design depicted in Fig. 3.10 demonstrates its ability to 

generate a PNJ from a truncated dielectric sphere. The PNJ illustrates high power enhancement 

and spatial resolution in both the propagation axis and transverse axes, resulting in a spatial 

resolution of less than half a wavelength. This significant result is consistent with the motivation 

of this thesis, which is to produce PNJs with high spatial resolution and power enhancement 

through the use of optical fibres, eliminating the requirement for free-standing dielectrics and 

improving the practical application potential. 

3.3.3 The impact of material losses on PNJ properties 
The investigation of the results depicted in Fig. 3.1 to 3.10 has been performed assuming 

that the truncated dielectrics have negligible losses. In this section, we analyse the effect of 

dielectric losses on the properties of the PNJ generated by a truncated dielectric sphere. To do 

that, we selected the best design shown in Fig. 3.10, a 3D truncated dielectric sphere with 

dimensions a ≈ 0.41λ0 and R = 1.55λ0. 

The loss tangent, represented by (tan δ), is a parameter utilized for determining the loss 

or dissipation of energy in a dielectric material when illuminated by electromagnetic waves. In 

the case of a dielectric material that does not exhibit magnetic properties, the tan δ is the ratio 

of the imaginary part of permittivity divided by the real part of permittivity [184,185]. Fig. 3.11 

depicts the results of including dielectric losses ranging from tan δ values of 0.005 to 0.03 with 

steps of 0.005. The power enhancement along the propagation z axis decreases as tan δ 

increases, and the PNJ location changes slightly (∼ 0.001λ0) across the full range of tan δ values 

considered, as depicted in Fig. 3.11 a, as expected [186,187]. 
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Figure 3.11: (a) Power enhancement along the propagation axis at x = y = 0 for a truncated dielectric sphere when a 
≈ 0.41λ0 and R = 1.55λ0, as shown in Fig. 3.10, while dielectric losses with tan δ values ranging from 0 to 0.03 in steps of 0.005 
are considered. (b,c) Power enhancement for the same different values of tan δ along the transverse x and y axes at z = 0 is 
presented, respectively. 

Furthermore, we examine the impact of introducing losses on the spatial resolution of the 

generated PNJs by evaluating the FWHM of the power enhancement along the x and y axes 

(calculated at z = 0), as depicted in Fig. 3.11 b,c respectively, for the different values of tan δ. 

The values of the FWHM have been extracted from Fig. 3.11 b,c, respectively, for FWHMx and 

FWHMy, and are shown as blue and red lines in Fig. 3.12 a. The resolution of the generated 

PNJ is affected by dielectric losses, resulting in FWHMx ≈ 0.25λ0 and FWHMy ≈ 0.18λ0 for 

high losses with tan δ = 0.03, as expected. Additionally, the power enhancement values at z = 

0 are obtained from Fig. 3.11 a with different tan δ values and illustrated in Fig. 3.12 b, where 

the power enhancement decreases from approximately 27 to 8 as the losses increase. The results 

demonstrate that as losses increase, the power enhancement of the PNJ decreases. When there 

is less power enhancement at the PNJ due to these losses, the calculation of the FWHM is 

affected. Specifically, the decrease in maximum power enhancement shifts the position of the 

full width downwards, thereby increasing the distance along the transverse axes of the PNJ, as 

explained in Fig. 1.9. However, the overall spatial resolution remains comparable to the 

scenario without losses. Specifically, the spatial resolution of the generated PNJs remains below 
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∼ 0.25λ0 in both transversal axes. This demonstrates the ability of the structure to generate PNJs 

when including the dielectric loss. 

 

Figure 3.12: (a) The FWHM values for the x (blue) and y (red) axes are displayed with different tan δ values ranging 
from tan δ = 0 to 0.03 with a step size of 0.005. These calculations are determined at z = 0 for a truncated dielectric sphere 
with a ≈ 0.41λ0 and R = 1.55λ0. (b) The power enhancement is determined at z = 0 using the same tan δ values as in (a). 

3.3.4 Effects of imperfections on the truncated hemispherical dielectric on PNJ and 

decay distance 
From an experimental viewpoint, it is crucial to investigate the impact of potential 

imperfections in the shape of a truncated hemispherical dielectric when it is attached to an 

optical fibre. Various geometrical errors may arise, such as a non-fully flat output surface, a 

non-fully spherical back surface, or an imperfect curvature of the radius (deviating from a 

perfect hemisphere). To show the impact of possible fabrication imperfections, we examine a 

modified structure depicted in Fig. 3.13, which includes the addition of a cylinder at the back 

of the configuration discussed in Fig. 2.9 a. To achieve this, we chose for the best design, as 

depicted in Fig. 3.10 which is a 3D truncated dielectric sphere with parameters of a ≈ 0.41λ0 

and R = 1.55λ0, and we added the cylinder to the back. In this study, we maintain the same 

refractive index with the 3D truncated dielectric sphere for the cylinder at the back. This 

configuration not only accounts for fabrication imperfections but also eliminates the 

requirement of using a fully hemispherical shape for the 3D dielectric. Consequently, there is 

no need for a single point of the hemisphere to touch the top of the optical fibre, as shown in 

Fig. 3.10 a,b. By employing this setup, we analyse the effect on the spatial resolution and power 

enhancement of the generated PNJ while varying the radius (Rcy) of the added cylinder. The 

radius is changed from Rcy = 0.025λ0 to 0.925λ0 with a step size of 0.05λ0. 
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Figure 3.13: Depicts the schematic representation of Fig. 2.9 a, in which a cylinder is added to the back side of the 
truncated dielectric sphere, denoted by the radius Rcy. 

Fig. 3.14 a presents the spatial resolution on the transversal x and y axes at z = 0 as blue 

and red lines, respectively. The obtained results indicate that all designs achieve values of 

FWHM less than 0.25λ0 and 0.20λ0 for the x and y axes, respectively. For comprehensive 

analysis, we also evaluate the power enhancement at z = 0, as shown in Fig. 3.14 b. The 

calculated power enhancement values vary from approximately 27 to 65, depending on the 

different values of Rcy used in the experiments.  

 

Figure 3.14: (a) FWHM values for the x axis (blue) and y axis (red) are shown with different values of Rcy, ranging 
from Rcy = 0.025λ0 to 0.925λ0 with a step size of 0.05λ0. These calculations are performed at z = 0 for a truncated dielectric 
sphere with a ≈ 0.41λ0 and R = 1.55λ0. (b) The power enhancement is calculated at z = 0 using the same values of Rcy as 
described in (a). 

A longer decay distance in a PNJ has significant advantages, making it a crucial parameter 

for a variety of applications [137,174]. For example, it enables the PNJ to have a longer working 

distance, which is advantageous for applications such as optical sensing and imaging, where 
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the PNJ must reach and interact with samples situated at a particular distance from the dielectric 

[139]. In addition, a greater working distance reduces the risk of sample damage because the 

PNJ can be focused from a respectable distance [131]. Moreover, a longer decay distance 

enables the PNJ to maintain its narrow width across a longer length, which is advantageous for 

specific applications including semiconductor and metal PNJ etching and marking 

[104,135,138]. Additionally, it can enhance imaging performance by preventing the dielectric 

from getting into interacting with the specimen [140]. In general, the decay distance is an 

important factor that significantly affects the performance and application of PNJs in a variety 

of cases. In Fig. 3.15 a, we present a detailed analysis of the decay distance of the PNJ. 

Specifically, we compare the decay distance of a truncated dielectric structure without a 

cylinder at the back (Fig. 3.10) with truncated dielectric spheres that have a cylinder of varying 

radii added at the back (Fig. 3.13). We chose a wide range of cylinder radii values, from Rcy = 

0.125λ0 to 0.775λ0, to include the highest spatial resolution and power enhancement values, as 

seen in Fig. 3.14. 

 

Figure 3.15: (a) Comparison of power distribution decay for truncated dielectric structures with and without a cylinder 
at the back. The power distribution is normalized by dividing each value by its value at the output surface. The horizontal black 
line represents the value of 1/e (= 0.367). (b) Zoomed-in view of the decay distance from (a) to show the intersection of the 
power normalized curves with the 1/e black line. (c) A decay distance as a function of the cylinder radius varies from Rcy = 0 
to Rcy = 0.775λ0. 

To evaluate the decay distance, we determine the distance from the output surface of the 

truncated dielectric sphere to the point where the power distribution decreases to 1/e (where 1/e 

= 0.367) [183]. In Fig. 3.15 a, we normalize the power distribution values by dividing each 

value by its corresponding value at the output surface (located at z = 0). This normalization sets 

all values to start at 1, providing a relative comparison. The horizontal black line in Fig. 3.15 a 

represents the value of 1/e. To enable a better view of the decay distance, Fig. 3.15 b provides 

a zoomed-in view, displaying the points where the curves intersect with the 1/e line at various 

locations. In Fig. 3.15 c, we compare the decay distance of a truncated dielectric sphere without 

a cylinder at the back to the same structure with the addition of a cylinder of radii ranging from 

Rcy = 0.125λ0 to 0.775λ0. We observe that adding a cylinder at the back has a slightly impact 
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on the decay distance of the structure. For instance, the difference in decay distance between a 

truncated dielectric sphere without a cylinder at its back and the smallest decay distance after 

adding a cylinder at its back with Rcy = 0.775λ0 is approximately 0.005λ0. Consequently, 

the influence of fabrication imperfections on the decay distance of the structure is negligible 

when adding a cylinder at the back. 

Based on the results shown in Fig. 3.14 a, the impact of the Rcy on the spatial resolution 

of the PNJ generated is negligible for Rcy values ranging from 0.025λ0 and 0.325λ0. For 

example, when a cylinder of Rcy = 0.325λ0 is added at the back of the 3D truncated dielectric 

sphere, the spatial resolution on the transverse axes (x and y) at z = 0, as depicted in Fig. 3.16 

c,d, is determined to be FWHMx = 0.21λ0 and FWHMy = 0.17λ0,, respectively. The power 

enhancement on the xz and yz planes for this specific value of Rcy (0.325λ0) is illustrated in Fig. 

3.16 a,b respectively. Importantly, this resolution is similar to the one achieved without the 

addition of a cylinder at the back region of the 3D truncated dielectric sphere, as shown in Fig. 

3.10 c,d. 

 

Figure 3.16: The power enhancement resulting from the addition of a back cylinder with a radius of Rcy = 0.325λ0 to 
the truncated dielectric sphere with a ≈ 0.41λ0 and R = 1.55λ0 is calculated in four different plots: (a) the xz plane at y = 0, (b) 
the yz plane at x = 0, (c) the transverse x axis at z = 0, (d) and the transverse y axis at z = 0. 
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For completeness, we show results similar to those from Figs. 3.16 a-d for Fig. 3.17 a-d, 

but with Rcy = 0.775λ0, which represents the highest power enhancement ~ 65. These findings 

show that the proposed design demonstrates a spatial resolution of 0.22λ0 along the x axis and 

0.18λ0 along the y axis, shown Fig. 3.17 c,d. This demonstrates that the structure has the ability 

to generate PNJs with a high spatial resolution, even when the back surface of the 3D truncated 

spherical dielectric has imperfect curvature but flat. 

 

Figure 3.17: The power enhancement resulting from adding of a back cylinder with a radius of Rcy = 0.775λ0 to the 
truncated dielectric sphere with a ≈ 0.41λ0 and R = 1.55λ0 is evaluated in four different plots: (a) the xz plane at y = 0, (b) the 
yz plane at x = 0, (c) the transverse x axis at z = 0, (d) and the transverse y axis at z = 0. 

In summary, the findings presented in section 3.3 illustrate the potential of utilising 3D 

high index dielectrics at the end of an optical fibres to produce high spatial resolution PNJs by 

truncating the profile of the dielectric particles at their output surface. The present study 

provides an analysis of the impact of dielectric losses and potential fabrication errors on the 

spatial resolution and power enhancement of the PNJ. The results indicate that although these 

factors can affect the PNJ's resolution and power enhancement, the FWHM of the generated 

PNJs remains below 0.25λ0 for all the considered values of losses and fabrication errors. 
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3.4  Comparison of dielectric cylinder and sphere 

The comparison between the different shapes and parameters of dielectric structures 

demonstrates different properties of PNJs regarding FL, FWHM, and power enhancement, as 

shown in Table 1. For the truncated dielectric cylinder, two sets of parameters were selected, 

as illustrated in Fig. 3.4. With a R of 1.55λ0 and a of approximately 0.52λ0, the FL was 0.05λ0. 

This positive FL indicates that the focal point is generated outside the truncated dielectric 

cylinder. The FWHM was consistent at 0.28λ0, suggesting stable spatial resolution. 

Additionally, the power enhancement was four times higher compared to the case without the 

truncated dielectric cylinder. When the a was slightly increased to approximately 0.54λ0 while 

keeping the radius constant, the FL moved further from the output surface of the truncated 

dielectric cylinder to be 0.089λ0. The FWHM remained the same at 0.28λ0, but the power 

enhancement more than doubled to nine times. 

Shape Parameters FL FWHM 
Power 

enhancement 

Truncated 

dielectric 

cylinder 

R = 1.55λ0 

a ≈ 0.52λ0 
FL = 0.05λ0 FWHM = 0.28λ0 4 times 

R = 1.55λ0 

a ≈ 0.54λ0 
FL = 0.089λ0 FWHM = 0.28λ0 9 times 

Truncated 

dielectric 

sphere 

R = 1.55λ0 

a ≈ 0.41λ0 
FL = - 0.038λ0 

FWHMx = 0.21λ0 

FWHMy = 0.17λ0 
27 times 

R = 1.55λ0 

a ≈ 0.5λ0 
FL = - 0.042λ0 

FWHMx = 0.24λ0 

FWHMy = 0.2λ0 
70 times 

Table 1: A comparison of the best results in chapter 3 between the truncated dielectric cylinder and the truncated 
dielectric sphere is presented. The results are compared based on FL, FWHM, and power enhancement. The results presented 
in Fig. 3.4 were used for the truncated dielectric cylinder, while the results displayed in Figs. 3.9 and 3.10 were used for the 
truncated dielectric sphere. 

In contrast, the truncated dielectric sphere demonstrated different properties of PNJs. 

With the same R of 1.55λ0 and a of approximately 0.41λ0, the FL was - 0.038λ0, as shown in 

Fig. 3.10. This negative FL indicates that the focal point is generated inside the truncated 

dielectric sphere. The FWHM values varied between the x axis and y axis, with 0.21λ0 and 

0.17λ0, respectively, suggesting higher spatial resolution compared to the truncated dielectric 

cylinder. The power enhancement was significantly higher at 27 times, as expected [66,76]. 
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When a was increased to approximately 0.5λ0, the FL slightly changed to - 0.042λ0, as shown 

in Fig. 3.9.  The FWHM values increased slightly to 0.24λ0 along the x axis and 0.2λ0 along the 

y axis, while the power enhancement increased significantly to 70 times. Adjusting the 

truncation position can have an impact on the FL, spatial resolution, and power enhancement 

[159,161,182]. 

In summary, the truncated dielectric cylinder provides a positive FL with consistent 

spatial resolution and a slight change in power enhancement. The focal point is outside the 

truncated dielectric cylinder, and the power enhancement increases with a small modification 

in the truncated distance. On the other hand, the truncated dielectric sphere offers a negative 

FL, indicating the focal point is inside the truncated dielectric sphere. It also provides higher 

spatial resolution with changing FWHM values and significantly greater power enhancement, 

which increases with changes in the truncated distance. Overall, the truncated dielectric sphere 

demonstrates better results in terms of spatial resolution and power enhancement when 

compared with the truncated dielectric cylinder, even if they have different FL positions.
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Chapter 4 Experimental exploration of high spatial resolution photonic 

nanojets with Ge spheres immersed in optical fibres 

In this chapter, we provide an approach to achieve high spatial resolution PNJs of 

electromagnetic waves at λ0 = 2 μm using Ge spheres immersed in optical fibre cladding. The 

Ge sphere is positioned at the end of the core within the optical fibre, with both the Ge sphere 

and the core fully immersed in the cladding material. In our method, the structure is used to 

generate small spot PNJs that have high intensity. When truncating the output profile of the Ge 

sphere, we demonstrate that the PNJs can be generated at the output surface with a high spatial 

resolution. 

This work is an exploration of simulations and experiments that seek to show the potential 

of these structures. We demonstrate an evaluation and design process beginning with 

simulations of 3D Ge spheres and progressing to experimental devices. In section 4.1, the result 

of changing the full size and truncation distance of Ge spheres on their PNJ properties is 

evaluated. In section 4.2, the purpose is to create the structures in the photonic lab, specifically 

to fabricate a Ge sphere that is positioned at the end of the core of an optical fibre. The proposed 

design opens the door for a new sensing and imaging device with high spatial resolution PNJs. 

Some results of this design have been participated in the conference [188,189]. 

4.1  Determine the size and truncation distance of the dielectric prior to the 

experimental phase 

This section examines the performance of the structure by investigating a Ge sphere in 

3D using CST Studio Suite. Ge is selected due to its unique properties, such as its ability to 

respond to a carbon dioxide (CO2) laser, which makes it appropriate for forming into a sphere 

[190]. The section is divided into two parts that investigate the results of the Ge sphere with 

different parameters such as R and a. The investigation of the full Ge sphere immersed in 

cladding material and illuminated by the core of an optical fibre is presented in section 4.1.1. 

Section 4.1.2 involves truncating the output profile of the Ge sphere in order to generate a PNJ 

at the output surface of the truncated high index Ge sphere. 

4.1.1 Evaluating the results of different sizes of a full Ge sphere 
Our purpose is to investigate the size of the dielectric sphere before performing an 

experiment. The structure depicted in Fig. 2.9 b illustrates a full dielectric sphere that is 
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completely immersed in cladding material with (ncladding = 1.44). The selection of this particular 

design was based on its ability to be fabricated in a photonic lab at Newcastle University, 

making it simple to control the dielectric sphere within the cladding material. The choosing of 

the dielectric material is determined based on the available equipment in the photonic lab. Ge 

is a material that has the ability to change its shape when subjected to a CO2 laser [190]. 

Therefore, Ge is selected as the optimal material due to its ability to be fabricated into a Ge 

sphere using a CO2 laser, as demonstrated in section 4.2.5. Ge has a high absorption at 

wavelengths used in telecommunications, consequently wavelengths longer than 1.55 μm are 

utilised [191,192]. In this chapter, we use light with a wavelength of λ0 = 2 μm since this 

particular wavelength has the ability to propagate through Ge [193]. The refractive index of the 

Ge material was found to be nd = 4.295, while the extinction coefficient is found to be k = 

0.0050938 at a wavelength of 2 μm [167]. 

In order to ensure consistency with the results reported in chapter 3 and the previous 

findings [94], the same methods in chapter 3 are employed in this study to determine the size 

of the Ge sphere. Since the refractive index of the Ge sphere and the illuminated wavelength 

are different from those in chapter 3, the range of Ge sizes will also be different, refer to section 

3.1.1 for details. We investigate Ge sizes ranging from R = 0.55λ0 to 1.25λ0, with steps of 0.1λ0. 

As a result, we have the ability to examine the range of Ge sizes by taking into consideration 

both the wavelength in freespace and the wavelength within the Ge sphere. In particular, we 

investigated the effects of Ge sizes of R = 0.55λ0, 0.65λ0, 0.75λ0, 0.85λ0, 0.95λ0, 1.05λ0, 1.15λ0, 

and 1.25λ0 on the performance of the PNJs. 

In the simulation, the refractive index and extinction coefficient values for the Ge material 

are utilised by inserting their data from appendix D, Fig. D 2 b,c into the CST Studio Suite. The 

port in the simulation, attached to the optical fibre, illuminates light with wavelengths that range 

from λmin = 1.5 μm to λmax = 2.5 μm. It is important to note that this range above the cut-off 

wavelength λ𝑐𝑐, where λ𝑐𝑐 is equal to 1.254 μm as determined by Eq 1.8, results in the optical 

fibre producing only a single mode. λ0 = 2 μm is the wavelength selected from the field monitors 

in the CST Studio Suite. Finally, the electric field is polarised along the y axis, while the 

magnetic field is polarised along the x axis. The propagation is along the z axis. 

The evaluation of the power enhancement along the z axis at x = y = 0 is shown in Fig. 

4.1 a-c. As expected, [94], all the FLs appear inside the Ge sphere at different distances based 

on the size of the Ge sphere, which is consistent with the results described in Fig. 3.6. This is 
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because the nd has a relatively higher value than the nb. In particular, the ratio of nd to nb is 2.98, 

which is higher than 2. Accordingly, FLs appear within the Ge spheres [88,128]. 

 

Figure 4.1: The power enhancement along the z axis at the centre of the structure (x = y = 0) is depicted (a-c) for 
all values of R. These values range from R = 0.55λ0 to R = 1.25λ0, with steps of 0.1λ0. (d) The FLs are shown as a function of 
all values of R. The output surface of the Ge spheres is represented in (a-c) and (d) by the vertical and horizontal black lines, 
respectively. 

As indicated in Fig. 4.1 d, the FL is positioned between - 0.72λ0 and - 0.3λ0 from the 

output surface of the Ge sphere. When examining the result in Fig. 4.1 d and comparing it to 

the result in Fig. 3.6 d, we observe that the FL is closer to the outer surface of the Ge sphere in 

Fig. 4.1 d, as a result of the slight difference in ratio between nd and nb. The FL also shifts from 

a point closer to the surface (inside) of the Ge sphere to the centre of the Ge sphere, as the size 

of the Ge sphere increases in Fig. 4.1 d, in agreement with what was reported in [94]. 

4.1.2 Analysis of the results for varying truncation distance of the dielectric sphere 

on PNJs performance 
In order to reposition the PNJ from the inside of the Ge sphere to its output surface, the 

truncation of the Ge sphere is performed using Eq. 2.18. To do this, the radius of the Ge sphere 

is selected as R = 1.15λ0, ensuring that the wavelength within the Ge sphere aligns with the 

parameters provided in chapter 3 and previous studies [94]. When the Ge sphere is truncated 

using Eq. 2.18, it provides a value of a = 0.385λ0. Subsequently, the value of a is slight changed 

from 0.285λ0 to 0.485λ0 in steps of 0.005λ0 to account for the change in illumination from a 

planewave as discussed in chapter 3. 

The impact of truncating the Ge sphere on the FL as a function of the truncated distance 

a is shown in Fig. 4.2 a. Depending on whether the FL is positioned inside or outside the 
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truncated Ge sphere, the difference in the value of a can be divided into two parts. When a 

ranges from 0.305λ0 to 0.485λ0, the FL is generated within the truncated Ge sphere. In 

particular, the FL locations shift toward the output flat surface of the truncated Ge sphere as a 

decreases. The FL aligns exactly at the output surface (z = 0) of the truncated Ge sphere where 

a = 0.305λ0. 

 

Figure 4.2: (a) For a radius of R = 1.15λ0, the FL of a truncated Ge sphere is presented with various a values. The 
zero on the vertical axis is the output surface of all truncated Ge spheres. (b,c) FWHM and power enhancement calculated at 
z = FL when the PNJ forms outside of the truncated Ge sphere and at z = 0 when the PNJ forms inside of the truncated Ge 
sphere. (d) The power enhancement along the propagation z axis for a equals from 0.285λ0 to 0.3λ0 when x = y = 0. z = 0 is 
the location of the output surface of truncated Ge spheres. (e) When the PNJ forms outside of the truncated Ge sphere, the DoF 
have been calculated from the results shown in (d). 

Interestingly, the FLs can be obtained outside of the truncated Ge sphere for a values 

between 0.285λ0 and 0.3λ0 along the positive vertical axis. The distance between the surface of 

the truncated Ge sphere and the outside FLs ranges from 0.07λ0 to 0.12λ0. As a values increases, 

the FL moves to the output surface of the truncated Ge sphere, which is consistent with the 

results discussed in Fig. 3.3 a. To better demonstrate these results, we illustrate the power 

enhancement along the z axis where the PNJ forms outside of the truncated Ge sphere in Fig.4.2 

d. It demonstrates that the PNJ shifts towards the output surface of the truncated Ge sphere 

when the value of a increases. Adjusting the truncation position improves the convergence or 
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divergence of light as it passes through the truncated Ge sphere, as demonstrated by the 

production of PNJs at the output flat surface [159,182]. 

The spatial resolution is determined based on the location of the PNJ. For example, when 

the PNJ appears outside of the truncated Ge sphere, the FWHM of the power enhancement along 

the transversal x and y axes is calculated at the location of the FL (z = FL). However, the FWHM 

of the power enhancement along the transversal x and y axes is calculated just at the output flat 

surface of the truncated Ge sphere (z = 0) when the PNJ appears inside the truncated Ge sphere 

and close to its outer surface. The FWHM values as a function of all a values are depicted in 

Fig. 4.2 b, where the x axis is represented by a blue line and the y axis is represented by a red 

line. The resulting FWHM values are ranged from 0.16λ0 to 0.5λ0 on the x axis and ranged from 

0.13λ0 to 0.44λ0 on the y axis. It has been demonstrated the spatial resolution is higher when 

the PNJ is generated within the truncated Ge sphere, a = 0.305λ0 to 0.485λ0, compared to the 

spatial resolution achieved when the PNJ is formed outside the truncated Ge sphere. The reason 

for this is that the high index of the Ge reduces the wavelength inside the truncated Ge sphere, 

resulting in a smaller spot size when we calculate the spot size at z = 0 [161]. In addition, the 

power enhancement is determined at the FL (z = FL) when the PNJ is located outside, and 

just at the output flat surface of the truncated Ge sphere (z = 0) when the PNJ is located inside, 

as depicted in Fig. 4.2 c. The value of the power enhancement ranges from 3 to 130 depending 

on the value of a. Finally, the DoF is evaluated from the PNJ that is generated outside of the 

truncated Ge sphere, the DoF being calculated from Fig. 4.2 d and presented in Fig. 4.2 e. As 

the PNJ moves closer to the output surface of the truncated Ge sphere (as a increases), the angle 

of refraction of the light that exits the truncated Ge sphere increases. The divergence of light 

outside a truncated Ge sphere increases when the PNJ moves towards the output surface of the 

truncated Ge sphere, resulting in a decrease in the DoF, which agrees with the findings 

presented in [159]. 

We will present the power enhancement in the xz and yz planes for three different cases. 

In the first case, the FL generated outside the truncated Ge sphere has the highest spatial 

resolution. The second case has the highest power enhancement. The third case has the optimal 

structure and produces the highest spatial resolution. Fig. 4.2 b shows that a = 0.29λ0 provides 

the highest spatial resolution of the PNJ outside the truncated Ge sphere. The PNJ is located at 

a distance of 0.1λ0 from the outer surface of the truncated Ge sphere as in Fig. 4.2 a. The power 

enhancement in the xz (at y = 0) and yz (at x = 0) planes at R = 1.15λ0 and a = 0.29λ0 is shown 

in Fig. 4.3 a,b. The PNJ is clearly generated outside of the truncated Ge sphere. As depicted in 
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Fig. 4.2 e, this PNJ has a DoF along the propagation z axis of 0.28λ0. The PNJ has a spatial 

resolution of FWHMx = 0.41λ0 and FWHMy = 0.43λ0, as shown in Fig. 4.3 c,d, with a power 

enhancement of 4. This result demonstrates that the PNJ can be generated outside of the 

truncated high refractive index dielectric compared to the background nd/nb > 2. The finding is 

very similar to the one depicted in appendix C iii, which was presented at the conference 

[188,189]. 

 

Figure 4.3: (a,b) The power enhancement results for a truncated Ge sphere with R = 1.15λ0 and a = 0.29λ0 are 
displayed on the xz and yz planes. The values of the power enhancement scale bar have been saturated between 0 and 4 in 
order that the results can be observed more clearly. (c,d) The power enhancement is extracted from (a,b) and is displayed 
along the x and y axes, respectively. The values have been determined at the position of the FL that appears on the output 
surface, at z = 0.1λ0. 

The highest power enhancement is observed ~ 130 (at z = 0) when the parameters R and 

a have been set to values of 1.15λ0 and 0.465λ0, respectively, as illustrated in Fig. 4.2 c. The 

results of the best power enhancement is shown in the xz (at y = 0) and yz (at x = 0) planes in 

Fig. 4.4 a,b, respectively. It can be observed that the PNJ is located within the truncated Ge 

sphere. There is a distance of - 0.05λ0 between PNJ and the output surface in Fig. 4.2 a, and 

some of the PNJ can be seen leaking out of the truncated Ge sphere. Fig. 4.4 c,d depict the 

transverse x and y axes of the power enhancement at z = 0, respectively. With a spatial resolution 
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of FWHMx = 0.21λ0 and FWHMy = 0.14λ0, it can be seen that the power enhancement on the 

outside flat surface of the truncated Ge sphere, particularly at x = y = z = 0, is ~ 130. 

 

Figure 4.4: (a,b) The xz and yz planes illustrate the power enhancement results for truncated Ge sphere with R = 1.15λ0 
and a = 0.465λ0. (c,d) The power enhancement along the x and y axes, when evaluated at z = 0, is obtained from (a,b), 
respectively. 

In this study, a similar method is employed in Fig. 3.10 to determine the best structure. 

The optimal configuration for R = 1.15λ0 can be achieved by considering the minimum FWHM 

values along the x and y axes, leading to a value of a = 0.39λ0 as shown in Fig. 4.2 b. The power 

enhancement for a truncated Ge sphere with a = 0.39λ0 is shown in Fig. 4.5 a,b on the xz plane 

(where y = 0) and yz plane (where x = 0). The results in Fig. 4.5 a,b showed that the structure 

produced a PNJ inside the truncated Ge sphere that leaked into freespace. Fig. 4.5 d illustrates 

the power enhancement along the z axis at the centre (x = y = 0) of the structure. The results 

demonstrates that the position of the PNJ is determined to be located inside at z = - 0.03λ0. 

Additionally, it is observed that the PNJ has a decay when it exits from the output surface of 

the truncated Ge sphere (z = 0) into freespace. This decrease has a power enhancement of 

approximately 19 at z = 0. The spatial resolution of the generated PNJ is determined by 

analysing the power enhancement along the transversal x and y axes at z = 0. The values of the 
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power enhancement are extracted from Fig. 4.5 a,b, and then shown in Fig. 4.5 c. According to 

the results, a = 0.39λ0 produces the best spatial resolution along the x and y axes with FWHMx 

= 0.16λ0 and FWHMy = 0.13λ0, respectively. A higher spatial resolution is observed in Fig. 4.5 

c when compared to the literature review that employs an optical fibre structure [85,104–108]. 

The findings demonstrate that it is possible to generate PNJs with high spatial resolution at the 

output surface of a truncated Ge sphere located at the end of an optical fibre. 

 

Figure 4.5: (a,b) With the parameters R = 1.15λ0 and a = 0.39λ0 on the xz and yz planes, respectively, the power 
enhancement of a truncated Ge sphere is illustrated. (c) At z = 0, the power enhancement along the x and y axes, represented 
by blue and red dashed lines, is extracted from (a,b). (d) From the panels (a,b), the power enhancement along the z axis at y = 
x = 0 is shown. (e) Extracted from (d) are the FWHM values on the x and y axes as a function of the z axis. The horizontal 
black line represents the location where the FWHM equals 0.5λ0. 
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In order to determine the impact of power enhancement decay on spatial resolution, we 

determine the FWHMs of the power enhancement along the transverse x and y axes at various 

locations along the z axis. As can be seen in Fig. 4.5 e, these locations along the z axis range 

from z = 0 to z = 0.3λ0 with a step size of 0.05λ0. The results indicate that starting at z = 0 and 

moving away from the PNJ, the spatial resolution decreases. This result aligns with our 

expectations [95,110] and is consistent with the observations presented in Fig. 3.10 e. The 

motivation of this thesis, detailed in chapter 1, is directly supported by the optimization of the 

structure described in Fig. 4.5, which generates PNJs using optical fibres, which achieves high 

spatial resolution and power enhancement. 

4.2  Preparing the structure in the photonic lab: preliminary results 

In section 4.2, a practical approach is used as the experimental structure is fabricated in 

the photonic lab at Newcastle University. This section provides an explanation of the fabrication 

process, illustrating how theoretical ideas are transformed into physical devices. We start by 

cleaving and filling a large capillary with Ge powder. The subsequent steps involve splicing a 

large capillary to a small capillary, transforming Ge, tapering capillaries, and using a CO2 laser 

to form Ge into spheres. Finally, the Ge lens is spliced with an optical fibre. While these 

preliminary results are promising, we agree that there were a few challenges during the process, 

including obtaining the desired spherical shape. 

4.2.1 Producing the structure: a step-by-step process 
This section provides a simplified overview of the photonic device fabrication procedure. 

The sections that follow will provide detailed descriptions of each step along with the 

corresponding results. We start by bringing a large capillary, an empty core diameter of 150 μm 

+/- 4 μm, a cladding diameter of 363 μm +/- 10 μm (made of silicon dioxide SiO2), as shown 

in the Fig. 4.6 a. The reason for using a large capillary is that Ge can be easily filled into an 

empty core of 150 μm +/- 4 um [194]. The large capillary is filled with Ge. After filling, the 

large capillary is spliced to the small capillary, as depicted in Fig. 4.6 b. The empty core 

diameter of the small capillary is 5 μm +/- 2 μm, and the cladding diameter is 363 μm +/- 10 

μm (which is made of silicon dioxide SiO2). Following the splicing process, the Ge material is 

transferred from the large capillary to the small capillary using a furnace and gas pressure.  

The small capillary is then tapered from a cladding diameter of 363 μm +/- 10 μm to a 

diameter of 125 μm to be equal to an optical fibre. As depicted in Fig. 4.6 c, the Ge (core) 

diameter will decrease from 5 μm +/- 2 μm to 1.72 μm as a result. When the cladding diameter 
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of the small capillary approaches the size of an optical fibre (as mentioned in section 2.2.1), the 

shape of the Ge material changes from cylinder to spheres by using a CO2 laser, as depicted in 

Fig. 4.6 d [195,196]. The small capillary containing Ge spheres is cleaved to prepare it for 

splicing with an optical fibre. As shown in Fig. 4.6 e, the Ge sphere of R = 1.15λ0 is positioned 

at both the end and the centre of the core of the optical fibre. As depicted in Fig. 4.6 f, the small 

capillary is cleaved again to create just one Ge sphere of R = 1.15λ0 at the end of the optical 

fibre. In the last step, the end of the device is polished until the desired truncated value of a = 

0.39λ0 is achieved. 

 

Figure 4.6: From (a) to (f) are presented the steps required to fabricate the device in the photonics lab. (a) The large 
capillary, which has an outer diameter of 363 μm +/- 10 μm and an inner diameter of 150 μm +/- 4 μm, is filled with Ge 
powder. (b) The small capillary, which has an outer diameter of 363 μm +/- 10 μm and an inner diameter of 5 μm +/- 2 μm, is 
spliced to large capillary containing Ge materials in order to transfer Ge material from the large capillary to the small 
capillary. (c) The same in (b) after the small capillary has been tapered, that contains Ge materials, from the outer diameter 
of 363 μm +/- 10 μm to 125 μm. (d) The CO2 laser is utilised to illuminate the tapered small capillary, resulting in a 
transformation of the cylindrical shape of the core Ge material into a spherical shape. (e) This step involves cleaving the 
tapered small capillary containing the Ge spheres at the edge of the desired size Ge sphere. Subsequently, the desired size Ge 
sphere is spliced to an optical fibre, positioning it at the end of the core of the optical fibre. The step from (e) is cleaved again 
to create a single Ge sphere of the desired size at the end of the core of an optical fibre, which is then polished to the desired 
value of a. 

4.2.2 Preparation: cleaving and filling the large capillary with Ge powder 
We begin by cleaving the large flexible fused silica capillary using a scribe to make its 

end flat, as shown in appendix D (Fig. D.1 a,c). The large capillary has a coating thickness of 

approximately 20 μm on each side. After the cleaving process, the end of the large capillary 

must be cleaned to remove the coating before being filled with Ge powder and spliced to a small 
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capillary (the splicing process will be discussed in 4.2.3). It is necessary to remove the coating 

since it can affect with following processes, such as adding Ge powder and performing capillary 

splicing. To clean the large capillary, a Large Diameter Splicing System machine (LDS), shown 

in Fig. D.1 d,f in appendix D, with appropriate parameters is utilised. The arc control of the 

machine has been set as it will apply 35 of arc power at the end of the large capillary [197]. 

Also, the sweep speed of the arc power is set to 250 μm/s, and the length of the sweep is set to 

2000 μm. This process turns the large capillary end into pure SiO2 without any coating. 

 

Figure 4.7: The images are taken using an optical microscope in the photonics lab. From (a-c) we can see the large 
capillary after it has been filled with Ge powder. This sample was imaged immediately as it was filled with Ge powder, therefore 
the isopropanol is clearly visible in (c). The isopropanol is used to facilitate the entry of the Ge powder into the large capillary. 
(d) After allowing approximately one day for the isopropanol to evaporate from sample (a-c), it is spliced to a small capillary 
to transfer Ge material from the large capillary to the small capillary.  

After the cleaning is complete, the Ge powder is mixed with isopropanol, as represented 

in Fig. D.2 a in appendix D [197]. This mixture makes inserting Ge powder into the large clean 

capillary easy. After the Ge powder has been inserted into the large capillary (as indicated in 

Fig. 4.7 a-c), the large capillary is allowed to sit for approximately one day to allow the 

isopropanol to evaporate before splicing the large capillary with small capillary. 

4.2.3 Connecting the large capillary to the small capillary for Ge transfer 
We performed a splice to connect a large clean capillary filled with Ge powder with a 

small flexible fused silica capillary. As illustrated in appendix D (Fig. D.1 b), the small capillary 

has an empty core diameter of 5 μm +/- 2 μm, a cladding diameter of 363 μm +/- 10 μm (made 

of silicon dioxide SiO2), and a coating thickness of approximately 20 μm on each side. The use 
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of a core diameter 5 μm +/- 2 μm is considered acceptable in terms of the practicality of splicing 

[194,197]. Before splicing, the small capillary had to be cleaved to provide a flat surface. 

Additionally, we utilised the same cleaning procedure as with the large capillary to remove the 

coating. 

 

Figure 4.8: (a) After splicing the large and small capillaries together and inserting them into a furnace until the Ge 
material melts within the large capillary, gas pressure is applied within the large capillary towards the small capillary in order 
that the melted Ge material can be transferred within 5 μm +/- 2 μm of the small capillary. (b-d) are an extension of (a); the 
Ge material begins in the middle of the small capillary with a black colour in (b), fills the entire small capillary in (c), and then 
ends in the middle of (d). 

To achieve the splice, an LDS machine was utilised. The prefuse power has been set to 

63, and the prefuse time has been set to 0.5 seconds in order to heat both capillaries. Next, we 

applied an arc power of 65 for 0.4 seconds while pushing the capillaries toward each other at a 

distance of 30 μm. This step ensured a strong splice. Subsequently, we maintained an arc power 

of 65 for 2 seconds without applying any pushing force, further securing the splice. Finally, we 

used a pull distance of 12 μm for each capillaries, pulling them apart for 2 seconds with an arc 

power of 55. This step allowed for the straightening of the capillaries as shown in Fig. 4.7 d. 

After completing the splice, the large and small capillaries are placed in a furnace, with 

the location of splicing positioned in the centre of the furnace, as shown in Fig. D.1 e in 

appendix D. The furnace subjects both the Ge material and SiO2 to a heat level of 1000 degrees. 

Ge is melted in a furnace heated to 1000 degrees, whereas SiO2 (cladding) is unaffected because 

SiO2 melts at 1100 degrees [190]. The spliced capillaries were left into the furnace for 

approximately 10 minutes until the Ge powder melted. Following melting, we turned on the gas 

pressure (argon gas because unreactive) connected to the large capillary side as shown in Fig. 

D.1 h in appendix D [194]. We applied gas pressure 40 – 50 bar for approximately 15 minutes 

to facilitate the transfer. The gas pressure pushed the melted Ge into the small capillary, 

allowing it to flow through the small capillary diameter. Therefore, the gas pressure enabled 

the transfer of melted Ge from the large capillary to the small capillary, as shown in Fig. 4.8 a-

d. 
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4.2.4 Shaping the Ge cylindrical fibre through tapering 
The results presented in this section were achieved through a collaborative effort with 

Christian Johnson-Richards. After filling the small capillary with Ge, the small capillary is then 

tapered. The initial diameter of the cladding is around 363 μm +/- 10 μm, and the aim is to 

reduce it to 125 um until it is similar to the diameter of an optical fibre. For this task, we use an 

LDS machine that can taper the small capillary. The small capillary is held in place by two 

handles on LDS machine as shown in appendix D (Fig. D.1 f). While the arc is fixed and 

applying power, the handles move in the same direction, with one moving faster than the other 

to allow for tapering. The arc initially generates 70 of power over a 100 µm length to provide 

heating. Subsequently, the arc power increases to 75 as it reduces the diameter from 363 μm 

+/- 10 μm to 125 µm along a downward slope length 1000 µm. This higher power level is 

maintained at 75 over a 3 cm waist length to achieve a 33% diameter reduction. The process 

then switches to an upward slope, where the arc works on increasing the diameter from 125 µm 

back to 363 μm +/- 10 μm along a 1000 µm length. 

 

Figure 4.9: (a) The cladding diameter of the small capillary containing the Ge material is tapered from 363 μm +/- 10 
μm to 125 μm across a length of approximately 3 cm. (b-d) When the cladding diameter of the tapered small capillary reached 
125 μm, which is similar to the diameter of an optical fibre, and the tapered small capillary contained Ge material, three 
examples are presented. 

As a result of these processes, the LDS machine has a taper length of approximately 3 

cm, as shown in Fig. 4.9 a, where the data has been extracted from LDS. In Fig. 4.9 a, it is 

evident that the cladding diameter reaches 125 µm, which is similar to the diameter of an optical 

fibre. In addition, we display in Fig. 4.9 b-d three points of view taken when the cladding 

diameter approaches 125 µm. These images provide evidence of an existence of Ge within the 
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core. To determine the Ge core diameter after tapering, we begin with a cladding diameter of 

363 µm +/- 10 µm and taper it down to 125 µm. We can calculate the ratio between the 

diameters of the cladding before and after tapering and then apply this ratio to the diameter of 

the core before tapering. This will determine the diameter of the core after tapering. When the 

cladding diameter reaches 125 µm after tapering, the core diameter is expected to be 

approximately 1.72 µm. 

4.2.5 Formation of a Ge sphere using CO2 laser 
In this step, I collaborated with Luke Stocks to utilize a CO2 laser, as illustrated in 

appendix D (Fig. D.1 g). A CO2 laser is chosen due to the ability it has to transform a cylindrical 

fibre core into a series of sphere forms [195,196]. We began by placing the small tapered 

capillary filled with Ge on two holders along its edges. The CO2 laser adjusts using lenses and 

mirrors available in the photonics lab to produce a CO2 laser with a focal point of 565 µm. The 

sample is then illuminated by moving the two holders from one to the other through the focal 

point of the CO2 laser. The speed of the holders has an important role in determining the size of 

the spheres; accordingly, the slower the speed of the holders, the smaller the spheres [195]. In 

our experiments, the holders speed is set to 20 µm/s. 

 

Figure 4.10: (a-d) After subjecting the sample, which is the tapered small capillary containing the Ge material, to the 
CO2 laser, a group of lenses in different shapes of Ge material are formed. In (b), the sample contains lenses that are 
approximately similar in size as the desired lens in Fig. 4.1 c, which are the first three lenses from the left. These three lenses 
are used to splice with an optical fibre. 
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We determined the suitable power setting for the CO2 laser after multiple attempts and 

carefully testing. It has been observed that 750 mW power is effective, as lower power levels 

failed to produce spherical shapes, whereas higher power levels caused the whole sample to 

bend. The size of the cylinder core significantly influences the size of the spheres. As shown in 

Fig. 4.9 a, the diameter of the cladding is irregular, reflecting the irregularity of the diameter of 

the Ge core. There are also slight bends in the sample, as depicted in Fig. 4.9 b-c, which 

influence the location of the Ge core at the focal point of the CO2 laser. Due to the differences 

in Ge core diameter and the presence of bend in the sample, we expect the formation of spheres 

with different sizes and irregular shapes. The sample obtained in the photonics lab is shown in 

Fig. 4.10 a-d, where we observe the existence of Ge spheres of different sizes and irregular 

shapes. The first step in implementing sample cleaving is to select the Ge lens size from the 

sample that closely corresponded with the desired size, as depicted in Fig. 4.5. The first three 

Ge lenses located from the left side of Fig. 4.10 b have been chosen. The following section 

4.2.6 shows cleaving the sample in Fig. 4.10 b and splicing it with optical fibre. 

4.2.6 Cleaving Ge spheres from cylindrical fibres and splicing them to an optical fibre 
The results in this section were obtained by collaboration with Christian Johnson-

Richards. After selecting the sample in Fig. 4.10 b, we perform a cleaving process between the 

first Ge lens on the left side and the second Ge lens, utilizing the LDS depicted in appendix D 

(Fig. D.1 j). This specific cleaving point is chosen for ease of splicing each Ge lens with an 

optical fibre. In Fig. 4.11 a, we can observe the sample after cleaving, containing the second, 

third, and fourth Ge lenses. Cleaving the sample accurately to form the Ge lens at the end can 

be quite challenging. Consequently, when splicing the sample to an optical fibre, as shown in 

Fig. 4.11 b, we observe that the distance between the end of the optical fibre core and the Ge 

lens is approximately 34 µm. It is important to note that the splicing process can introduce some 

distortion to the shape of the optical fibre core, as illustrated in Fig. 4.11 b. 

The cleaving procedure repeats for Fig. 4.11 b, with the third Ge lens positioned at the 

end of the sample, as illustrated in Fig. 4.11 c. The third Ge lens is located at the end of the 

sample, and we carefully splice the sample to an optical fibre from its right side, as illustrated 

in Fig. 4.11 d. In Fig. 4.11 d, we can observe two Ge lenses, each spliced to an optical fibre. 

The Ge lens on the right side is clearly attached to the core of the optical fibre. To create the 

best possible device in the photonics lab, we cleave the sample in the middle, between these 

two Ge lenses, and make use of the right Ge lens, as shown in Fig. 4.11 e. In Fig. 4.11 e, it is 

necessary to perform polishing on the right side of the sample until the Ge lens is reached the 
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end of the sample. When performing a closer examination of Fig. 4.11 e, which has been 

zoomed in Fig. 4.12 a, it is shown that the Ge lens has an elliptical form. 

The Ge elliptic lens in Fig. 4.12 a has the following dimensions: its width on one side 

measures 1.76λ0, while its length is 2.4λ0. The Ge elliptic lens is attached to the core of the 

optical fibre; however, it is not positioned centrally on its output surface. The Ge elliptic lens 

is positioned at a distance of approximately 0.8λ0 from the centre of the core. It is important to 

note, for splicing reasons such as capillaries heating and pushing, the diameters of both the 

optical fibre core and cladding are greater than 8 µm and 125 µm, respectively. The diameter 

of the core, when attached to the Ge elliptic lens, is approximately 11.2 µm and gradually 

reduces to its normal size of 8 µm. Although the increase in the radius of the core of the optical 

fibre, it still only supports single mode. Using Eq. 1.6, we determine that the value of V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛  

is 2.11, which is less than 2.405; consequently, a single mode is generated. 

 

Figure 4.11: (a) The sample in Fig, 4.10 b is cleaved between the first and second Ge lenses, and here we can observe 
the second, third, and fourth Ge lenses. (b) The left side of (a) is spliced with an optical fibre. Due to the slightly higher 
refractive index of the core compared to the cladding, the core of an optical fibre can be observed. We can also observe core 
distortions caused by splicing, and the second Ge lens is 34 µm away from the output surface of the core. (c) The third Ge lens 
is at the end of the sample where (b) is cleaved directly on the third Ge lens. (d) The right side of (c) is spliced to an optical 
fibre, and the third lens is placed at the end of the core. (e) The right sample in (d) is depicted, which is cleaved between the 
two lenses. The light of the optical microscope is increased so that the Ge lens on the end of the core can be observed more 
clearly. 

Since the shape of the Ge lens is elliptical, and it is not positioned at the centre of the end 

of an optical fibre, the FL inside this Ge elliptic lens will be expected to not have a uniform 

shape and low power enhancement. This is due to the power distribution within a single mode 

optical fibre is described by a Gaussian beam, as mentioned in section 1.2.1.2 and shown in 

Fig. 2.11. In Gaussian beam, the power distribution is at its highest value in the centre of the 

optical fibre and gradually decreases as the power distribution move away from the centre. 

Since a portion of the Ge elliptic lens aligns with the optical axis, which is in the middle of the 
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core inside the optical fibre, and another part is located away from the centre of the core as 

shown in Fig. 4.12 a, the refraction of light within the Ge elliptic lens will have different 

characteristics. 

 

Figure 4.12: (a) The magnified image of Fig. 4.11 e is presented to investigate the size and location of the Ge elliptic 
lens inside the device, along with the size of an optical fibre after splicing. The red arrows measure the core diameter of an 
optical fibre, while the blue arrows measure the cladding diameter of an optical fibre. The circumferences of the Ge elliptic 
lens and core of an optical fibre are indicated by a dashed red line. (b) The structure is simulated by using the CST Studio 
Suite. The Ge elliptic lens is illuminated on the left by an optical fibre with a wavelength of λ0 = 2 µm, where z = 0 denotes the 
output surface of the Ge elliptic lens. The diameter of the core in an optical fibre is defined to be 5.6λ0. The result illustrates 
the power enhancement in the yz plane with the centre of the Ge elliptic lens at (x = 0, y = 0.8λ0, z = - 0.88λ0). The parameter 
values for (b) are determined from (a). (c) From panel (b), the power enhancement along the z axis at x = 0 and y = 0.8λ0 is 
displayed. (d,e) At z = 0, the power enhancement along the x axis (at y = 0.8λ0) and the y axis (at x = 0) are illustrated, 
respectively. 
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The Ge elliptic lens size shown in Fig. 4.12 a is not the desired size as shown in Fig. 4.5. 

Before polishing the structure shown in Fig. 4.12 a, we must examine this Ge elliptic lens. The 

results depicted in Fig. 4.12 b illustrate the simulation result of the sample provided in Fig. 4.12 

a, assuming that the sample had been polished until the outer surface of the Ge elliptic lens was 

reached. Fig. 4.12 b depict a Ge elliptic lens positioned at the output surface of the core of the 

optical fibre, which has an 11.2 µm diameter. Fig. 4.12 b shows the position of the Ge elliptic 

lens at a distance of 0.8λ0 from the centre (y = 0) of the y axis, where x = 0. Accordingly, the 

results demonstrate not having of a uniform spot-shaped focus point inside the Ge elliptic lens, 

as expected. The power enhancement along the z axis as it propagates through the centre of the 

Ge elliptic lens, where x = 0 and y = 0.8λ0, is shown in the Fig. 4.12 c. By comparing between 

the power enhancement depicted in Fig. 4.12 c and the power enhancement illustrated in Fig. 

4.1 a-c, it is evident that the power enhancement observed in Fig. 4.1 a-c is higher than Fig. 

4.12 c, as expected. This emphasises the importance of aligning the Ge lens exactly at the centre 

of the core of the optical fibre. To determine the impact of the Ge elliptic lens's position on 

power enhancement, we examined different positions for the Ge elliptic lens at the end of the 

optical fibre. The results demonstrate that the power enhancement decreases as the Ge elliptic 

lens moves away from the centre of the optical fibre, as illustrated in Fig. E.1 appendix E. We 

clearly observe that the FL is not produced outside the Ge elliptic lens, where the outside is in 

the direction of the positive z axis, as expected since the ratio of the dielectric index of refraction 

to the surrounding background is greater than two (nd/nb > 2). When we evaluate the power 

enhancement at z = 0, we find that it reaches the value of 10, which is due to the FL generated 

inside and close to the surface of the Ge elliptic lens at z = - 0.04λ0. To evaluate the spatial 

resolution of the generated PNJs, we calculated the FWHM of the power enhancement along 

the x axis (at y = 0.8λ0) and y axis (at x = 0) at the output flat surface of the Ge elliptic lens (z = 

0), as depicted in Fig. 4.12 d,e respectively. The obtained spatial resolution values are FWHMx 

= 0.22λ0 at x = 0, and FWHMy = 0.21λ0 at y = 0.8λ0, and the power enhancement is 10. Even 

though the value of the spatial resolution in Fig. 4.12 d,e is less than half the wavelength, it is 

not greater than the value of the spatial resolution for the structure we seek in Fig. 4.5. 

Given that the Ge elliptic lens is not located in the centre of an optical fibre, it is expected 

that the PNJs would not achieve high power enhancement. For further details regarding a 

decrease in power enhancement as the Ge elliptic lens moves from the centre of the optical 

fibre, see Fig. E.1 appendix E. Fig. 4.13 a depicts the power enhancement in the yz plane (at x 

= 0) for the truncated Ge elliptic lens. Since the width of the full Ge elliptic lens measures 

1.76λ0, we initially employ Eq. 2.18, which provides a = 0.295λ0. When the Ge elliptic lens is 
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truncated, the FL appears outside the structure with low power enhancement. Fig. 4.13 b depicts 

the power enhancement along the z axis at x = 0 and y = 0.8λ0 in order to represent the FL. It is 

observed that the FL of the truncated Ge lens, which has a power enhancement of 1.8, is located 

at a distance of 0.19λ0 from the output flat surface. Fig. 4.13 c illustrates the power enhancement 

along the x axis at the FL of the truncated Ge elliptic lens at y = 0.8λ0 and z = 0.19λ0, while Fig. 

4.13 d shows the power enhancement along the y axis at x = 0 and z = 0.19λ0. As expected, the 

FLs have been shifted from the centre of the structures with spatial resolution values of FWHMx 

= 0.63λ0 at x = 0, and FWHMy = 0.51λ0 at y = 0.8λ0. Finally, we evaluate and compare the 

results of a Ge elliptical lens, a truncated Ge elliptical lens, a Ge sphere, and a truncated Ge 

sphere in order to determine whether Ge elliptical lenses work better than Ge spheres. This 

comparison is illustrated in Fig. E.2, which can be found in appendix E. The comparison of the 

results obtained from Ge elliptical lenses and Ge spheres demonstrates that the Ge spheres, seen 

in Fig. 4.5, provide the highest spatial resolution in chapter 4. 

 

Figure 4.13: The results show the power enhancement in the yz plane for (a) with the same structure as Fig. 4.12 b, 
but after the full Ge elliptic lens has been truncated. At the point where x = 0 and y = 0.8λ0, (b) illustrates the power 
enhancement along the z axis, which is located in the centre of the truncated Ge lens. The output surface of the truncated Ge 
elliptic lens is located at z = 0. (c,d) The power enhancement along the transversal x and y axes at the FL where z = 0.19λ0 are 
displayed, respectively. 
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As mentioned in section 4.2, it is important to note that the results presented here are 

preliminary. Further experimental work is required to achieve the desired size, which is 

producing a Ge sphere with a specific radius, R = 1.15λ0. Due to time limitations during the 

Ph.D stage and the restrictions imposed by the covid-19 pandemic, the results presented in this 

section 4.2 represent the best achievable results obtained from the photonic lab. 

4.3  Comparing truncated Ge spheres and elliptic lenses 

Various properties of PNJs with respect to FL, FWHM, and power enhancement can be 

observed by comparing different lens shapes and parameters, as shown in Table 2. For the 

truncated Ge sphere, three sets of parameters were chosen. With R of 1.15λ0 and a of 

approximately 0.29λ0, the FL was 0.1λ0, as shown in Fig. 4.3. This positive FL indicates that 

the focal point is generated outside the truncated Ge sphere. The FWHM values were 0.41λ0 

along the x axis and 0.43λ0 along the y axis, suggesting spatial resolution less than half the 

wavelength. The power enhancement was four times higher compared to the case without the 

truncated Ge sphere. When a was increased to approximately 0.465λ0 while keeping R constant, 

the FL changed to - 0.057λ0, indicating a shift of the focal point inside the truncated Ge sphere 

as shown in Fig. 4.4. The FWHM values at the output surface of the truncated Ge sphere 

decreased significantly to 0.21λ0 along the x axis and 0.14λ0 along the y axis, indicating higher 

spatial resolution. The power enhancement achieved 130 times, which was the highest in 

chapter 4. For the third set of parameters, with a of approximately 0.39λ0, the FL was - 0.032λ0, 

indicating the focal point is inside the sphere as shown in Fig. 4.5. The FWHM values were 

0.16λ0 along the x axis and 0.13λ0 along the y axis, with a power enhancement of 19 times. 

These results show that adjusting the truncation position has a significant impact on the FL, 

spatial resolution, and power enhancement, as expected [159,161,182]. 

For the Ge elliptic lens, with a width of 1.76λ0 and a length of 2.4λ0, the FL was - 0.04λ0 

which indicates that the focal point is generated inside the Ge elliptic lens as shown in Fig. 4.12. 

The FWHM values in the x and y axes were 0.22λ0 and 0.21λ0, respectively, indicating that the 

spatial resolution was less than the diffraction limit. The power enhancement was ten times 

higher compared to the case without the Ge elliptic lens. In the case of the truncated Ge elliptic 

lens as shown in Fig. 4.13, with the same width and length but with a of 0.295λ0, the FL changed 

to 0.19λ0, indicating that the focal point is outside the lens. The FWHM values increased to 

0.63λ0 along the x axis and 0.51λ0 along the y axis, indicating lower spatial resolution. The 

power enhancement decreased to 1.8 times. 
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Shape Parameters FL FWHM 
Power 

enhancement 

Truncated Ge 

sphere 

R = 1.15λ0 

a = 0.29λ0 
FL = 0.1λ0 

FWHMx = 0.41λ0 

FWHMy = 0.43λ0 
4 times 

R = 1.15λ0 

a = 0.465λ0 
FL = - 0.057λ0 

FWHMx = 0.21λ0 

FWHMy = 0.14λ0 
130 times 

R = 1.15λ0 

a = 0.39λ0 
FL = - 0.032λ0 

FWHMx = 0.16λ0 

FWHMy = 0.13λ0 
19 times 

Ge elliptic lens 
Width = 1.76λ0 

Length = 2.4λ0 
FL = - 0.04λ0 

FWHMx = 0.22λ0 

FWHMy = 0.21λ0 
10 times 

Truncated Ge 

elliptic lens 

Width = 1.76λ0 

Length = 2.4λ0 

a = 0.295λ0 

FL = 0.19λ0 
FWHMx = 0.63λ0 

FWHMy = 0.51λ0 
1.8 times 

Table 2: The best results in chapter 4 obtained from the truncated Ge sphere, Ge elliptic lens, and the truncated Ge 
elliptic lens are compared. The results are evaluated by comparing them using FL, FWHM, and power enhancement. The 
results displayed in Fig. 3.3, Fig. 3.4, and Fig. 3.4 were utilized for the truncated Ge sphere, respectively. The results displayed 
in Figs. 4.12 and 4.13 were used for the Ge elliptic lens and the truncated Ge elliptic lens, respectively. 

In summary, the truncated Ge sphere shows varying FLs with higher spatial resolution 

and significant power enhancement, especially when the focal point is inside the sphere. 

Adjusting the truncation position impacts the FL, FWHM, and power enhancement 

significantly. In contrast, the Ge elliptic lens provides a negative FL, resulting in spatial 

resolution that is below the diffraction limit, along with slightly reduced power enhancement. 

When truncated, the lens demonstrates a positive FL with decreased spatial resolution and lower 

power enhancement. Consequently, the truncated Ge sphere demonstrates higher power 

enhancement and spatial resolution compared to the Ge elliptic lens.  
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Chapter 5 Conclusions and future work 

5.1  Conclusions 

Chapter 3: 

In chapter 3, we explored the interesting subject of high spatial resolution focusing of 

electromagnetic waves, particularly at telecommunication wavelengths (λ0 = 1.55 µm), 

using techniques involving high refractive index dielectrics placed at the end of optical fibres. 

The main achievement in this chapter is the demonstration of the success of PNJs in generating 

narrow, highly focusing spots, showing significant promise for improving spatial resolution in 

applications where high spatial resolution is needed, such as imaging and sensing systems. 

We investigated into the effects of varying the size and truncation distance of idealized 

2D dielectric cylinders on their PNJ properties. By manipulating these parameters, we 

successfully achieved improved spatial resolution with narrow focal spots (FWHM = 0.28λ0) 

and a power enhancement four times higher than the case without the truncated dielectric 

cylinder, where R = 1.55λ0 and a ≈ 0.52λ0. We considered 3D scenarios with finite truncated 

dielectric cylinders as part of this research. This enabled us to show how different transverse 

lengths affect the properties of PNJs and show how the proposed structure can be used in 

different configurations. We explored the impact of various factors, including the size, 

truncation distances, losses, and shape imperfections of dielectric spheres on PNJ parameters. 

In the truncated dielectric sphere, a resolution of FWHMx = 0.21λ0 and FWHMy = 0.17λ0 was 

successfully achieved, resulting in a power enhancement of 27. This achievement was made 

possible by employing a design which includes a dielectric sphere with R = 1.55λ0 and a ≈ 

0.41λ0. We achieved that adjusting the truncation position of dielectric structures, such as 

spheres and cylinders, is significant in improving light convergence or divergence, resulting in 

the creation of PNJs with higher spatial resolution. We demonstrated how effective the 

proposed structure is by showing that in the case with losses and fabrication imperfections, it is 

still possible to achieve valuable spatial resolutions and power enhancements, making it an 

appropriate structure for practical applications. 

The results in chapter 3 offer great promise for sensing and imaging devices that need 

high spatial resolution working at telecommunication wavelengths. The ability to create PNJs 
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through the manipulation of dielectric geometries and parameters offers an opportunity for 

sensing and imaging applications. 

Chapter 4: 

The design proposed in chapter 4 achieves a new sensing and imaging device with high 

spatial resolution PNJs. It provides that by focusing electromagnetic waves at a wavelength of 

λ0 = 2 μm with high spatial resolution. Our study is based on placing a Ge sphere at the end of 

the optical fibre core, where they are completely immersed by the cladding material. This 

technique uses PNJs to generate small high intensity spots, which enables an optical fibre for 

a new application device. 

Our exploration, which combines simulations and experimental methods to investigate 

the parameters that determine the efficiency of this design. This chapter provides an overview 

of the progression from theoretical modelling to practical implementation in the photonic lab. 

Ge was chosen as the material for the dielectric because it has unique properties, such as its 

ability to responds to a CO2 laser, allowing it change into a sphere. We evaluated how different 

factors, such as the R and a, influenced the performance of the PNJs. We achieved that 

truncating the Ge sphere resulted in a transversal resolution of FWHMx = 0.16λ0 and FWHMy 

= 0.13λ0, along with a power enhancement of 19. These achievements were made possible by 

a truncated Ge sphere with R = 1.15λ0 and a = 0.39λ0. We moved from theory to practice when 

we started making an experiment structure in the photonic lab. Here, we reviewed over the steps 

that are needed to turn theoretical ideas into real devices. We proceeded by cleaving a large 

capillary and filling it with Ge powder. Then we completed several procedures, such as splicing, 

tapering, and shaping with a CO2 laser, to make Ge spheres inside small capillary. Finally, we 

were able to successfully splice the Ge lens with the core of an optical fibre. Although 

challenges, such as achieving the desired Ge sphere size, appeared during this process, these 

preliminary results are promising. 

Our proposed design in chapter 4 provides a promising approach to create a new device 

of sensing and imaging systems with PNJs that operate at λ0 = 2 μm and have high spatial 

resolution. Section 4.2 provides the foundation for future developments in this field by 

attempting to achieve the required size in experiments, aligning it with theoretical models. 

Challenges: 

In chapter 3, a structural concept was introduced which initially appeared to have promise. 

However, as we investigated into the practical aspects of implementing it in our photonic lab, 
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we found some limitations. These limitations centred on the challenges of fabricating a 

dielectric sphere within an air medium. Additionally, it was challenged to exactly position the 

dielectric sphere at the end of the core of an optical fibre and then truncate it to meet our desired 

parameters. Consequently, we decided to investigate the structure described in chapter 4 as it 

has the possibility for the fabrication of a Ge sphere within a cladding material. The new 

approach not only addresses these manufacturing difficulties, but it also demonstrates to be 

more suitable to the capabilities of our photonic lab, such as placing the Ge sphere at the end 

of the core of an optical fibre. 

It is important to mention the limitations we found during the fabrication process for the 

structure described in section 4.2. These limitations were mainly imposed due to the covid-19 

pandemic, which significantly restricted our ability to access the photonic lab. Unfortunately, 

these limitations, along with the time limits of a Ph.D stage, prevented us from achieving the 

desired size. Despite with these challenges, section 4.2 is an appropriate starting point for future 

work in this field. It shows the importance of addressing the desired parameters of the structure 

when comparing theoretical models with experimental observations. 

5.2  Future work 

• In future study, we aim to use a fabrication method described in a recent 2023 

study [92]. In this method, full and truncated dielectric spheres are attached at the 

end of an optical fibre using nanoparticles self-assembly in a water dispersion. 

When H2O molecules evaporate at room temperature and atmospheric pressure, a 

device that has the shape of a sphere or a truncated sphere forms. The dielectric is 

attached from its truncated side to the end of the optical fibre, while the curved 

side remains unattached to the optical fibre. Chapter 3 will adopt a similar process 

to determine sphere size and truncation distance, Si will be used for the dielectric. 

Once attached to the optical fibre, the truncated sphere is spliced from the curved 

side to the optical fibre. Following this, the truncated dielectric sphere will be 

cleaved from the optical fibre at the point where it is attached to the truncated side. 

Subsequently, we illuminate the optical fibre with a 1.55 μm laser to evaluate 

spatial resolution. This approach corresponds the recent 2023 study to chapter 3, 

providing a method for fabricating the structures. 
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• Experimental demonstration, after achieving, in future study, the desired size of 

the structure in chapter 4, we will evaluate spatial resolution by illuminating the 

optical fibre with a 2 μm laser as shown in Fig. 5.1. 

 

Figure 5.1: The device is connected to a Butterfly Laser Diode in the photonics lab. The Butterfly Laser Diode operates 
at wavelength 2 μm. As shown in the blue box, the device consists of an optical fibre with a Ge lens placed at its end. The device 
is securely inserted and properly adjusted on a stage 1. The detector is connected to a fibre probe with a tapered head, as 
depicted in the blue box. The fibre probe is placed on the adjustable stage 2. Finally, the Butterfly Laser Diode is turned on 
and the spatial resolution of the device is calculated. 

 

• After achieving a high spatial resolution with our devices, we employ this 

resolution in future work to detect subwavelength particles. The process of 

detection involves the calculation of particle scattering after they are immersed in 

a PNJs. Backscattering is calculated when metal and dielectric particles are used, 

while forward scattering is calculated when dielectric particles are used 

[4,198,199]. 
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Appendix A: Optimizing mesh cell sizes for accurate results 

We investigated the results of the FL location obtained from varying mesh cell sizes along 

the radius of the dielectric sphere R, where these mesh cells are shown in Fig. A.1 a. The results 

in Fig. A.1 b,c illustrate the power enhancement, which was calculated by dividing the power 

distribution obtained on the yz plane (x = 0) when using a dielectric sphere with an optical fibre 

by the power distribution obtained on the yz plane (x = 0) when using only the optical fibre. The 

wavelength utilized is λ0 = 1.55 μm, and the electric field is polarized along the y axis, while 

the magnetic field is polarized along the x axis, with the wave propagating in the z direction.  

 

Figure A 1: (a) This illustration was obtained from CST Studio Suite and shows the mesh cells in a cross-section of the 
dielectric sphere. (b) The dielectric sphere has a size of R = 0.55λ0, and the number of mesh cells along the radius of the 
dielectric sphere increases from top to bottom by 11, 20, 40, and 60. (c) The dielectric sphere has a size of R = 1.55λ0, and the 
number of mesh cells along the radius of the dielectric sphere increases from top to bottom by 31, 40, and 60. The output 
surface of the dielectric sphere is located at z = 0. (d) and (e) The position of the FL is shown as a function of the number of 
mesh cells across the radius of the dielectric sphere for both R = 0.55λ0 and 1.55λ0, respectively. 
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For competence, we conducted an analysis of the number of mesh cells along the radius 

of a dielectric sphere. Specifically, we examined cases where the radius was R = 0.55λ0, and 

the number of mesh cells along the radius was either 11, 20, 40, or 60. Additionally, we 

investigated situations where the radius was R = 1.55λ0 and the number of mesh cells along the 

radius was either 31, 40, or 60. The number of mesh cells within the dielectric sphere has been 

increased, along with an increase in the number of cells surrounding its boundary. Specifically, 

6 additional cells have been added along both the x and y axes, and 70 cells have been added 

along the z axis due to propagation in the z axis. 

Fig. A.1 d,e show the accuracy of the FL position as the number of cells in the dielectric 

sphere varies at R = 0.55λ0 and R = 1.55λ0, respectively. Increasing the number of mesh cells 

from 40 to 60 does not affect the accuracy of the location of the FL for R = 0.55λ0, as shown in 

Fig. A.1 d. However, for R = 1.55λ0, increasing the number of mesh cells from 40 to 60 causes 

the FL position to shift by approximately 10 nm, as depicted in Fig. A.1 e. Based on these 

results, this thesis uses 40 mesh cells across the radius of the dielectric sphere or cylinder 

because it has a negligible effect, approximately 0.006λ0, on the location of the FL. 
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Appendix B: Analysis of the performance of PNJs with various sizes of 

truncated dielectric cylinders 

i. Small truncated dielectric cylinder (R = 0.55λ0) 

In this section, we investigate the performance of the truncated dielectric cylinder in 2D 

when the dielectric size is similar to the dielectric size in the previous study [94]. This study is 

similar to the study in section 3.1.2 as it uses the Weierstrass formulation for immersion lenses 

as a starting point to determine the truncation distance. Subsequently, we perform a parametric 

study by varying the truncation distance between the centre of the dielectric cylinder and the 

output flat surface. The dielectric cylinder is truncated by applying Eq. 2.18 to move the PNJ 

from the inside to the outside of the dielectric cylinder. We chose the dielectric size of R = 

0.55λ0 in order to make it equivalent to the dielectric size in the previous study based on the 

freespace wavelength [94]. Using Eq. 2.18, we determine that a ≈ 0.16λ0 and change a from 

0.096λ0 to 0.225λ0 in steps of ∼ 0.006λ0. 

The difference in a value can be divided into two sections based on the location of the 

FL, whether it is inside or outside the truncated dielectric cylinder. For example, when a is 

equal to from 0.096λ0 to 0.122λ0, the FL appears outside the truncated dielectric cylinder, as 

shown in Fig. B.1 a, which illustrates the power enhancement along z axis when the y axis equal 

to zero. We can see clearly that the power enhancement increased as the value of a increased. 

Also, the positions of the FL shifted slightly to the output flat surface of the truncated dielectric 

cylinder as the values of a increased. The FL locations are shown in Fig. B.1 b, and they are 

close to the outer surface of the truncated dielectric cylinder, and the distance between them 

and the outer surface ranges from approximately 0.05λ0 to 0.09λ0.  

The observation obtained from Fig. B.1 b indicates that an increase in the value of a 

results in a shift in the position of the FL towards the direction of the flat surface of the truncated 

dielectric cylinder. This behaviour is consistent with the findings presented in Fig. 3.3 a when 

the FLs are obtained at the output surface of the truncated dielectric cylinder. When looking at 

the power enhancement on the FL that appears outside the truncated dielectric cylinder, we find 

that all its values are close to 1. When the power enhancement is equal to 1, this indicates that 

the power distribution through the structure consisting of an optical fibre and a truncated 

dielectric cylinder is equal to the power distribution through the optical fibre only. When 

looking at Fig. B.1 c, it is observed that certain power enhancement values have values less 
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than 1 within the range of a = 0.096λ0 to 0.109λ0, while others achieve a value slightly higher 

than 1 at a = 0.116λ0 and 0.122λ0. 

 

Figure B 1: (a) The power enhancement along the propagation z axis at y = 0 for the values between 0.096λ0 and 
0.122λ0 is illustrated when the FLs appear at the output surface of the truncated dielectric cylinder, at the positive z axis. (b) 
and (c) The FL and power enhancement as a function of a are shown, respectively. 

To evaluate the spatial resolution of these FLs, the FWHMs of the power enhancement as 

it passes through the FLs are calculated on the transverse y axis. In Fig. B.2 a-c, we clearly find 

the value of the power enhancement at y = 0 (at a = 0.096λ0 to 0.109λ0) less than 1, but the 

value of the power enhancement at y = 0 (a = 0.116λ0 and 0.122λ0) is slightly higher than 1 as 

shown in Fig. B.2 d,e. The values of FWHM at a = 0.096λ0 to 0.122λ0 are shown in Fig. B.2 f. 

All spatial resolution values are less than 0.5λ0, and the spatial resolution increases when the 

value of a is increased. The spatial resolution is improved as expected [95,110] due to the 

generated PNJs are moved closer to the output surface of the 2D truncated dielectric cylinder. 

It has been observed that the best spatial resolution (FWHM = 0.24λ0) is achieved at a value of 

a = 0.122λ0. Furthermore, it is seen that the power enhancement reaches its maximum value 

(>1) when the FL is positioned outside the truncated dielectric cylinder. Fig. B.2 g illustrates 

the power enhancement in the yz plane for a = 0.122λ0 and R = 0.55λ0. In this case, the FL is 

clearly observed outside the truncated dielectric cylinder. It is important to note that the 

observed power enhancement has been scaled from 0 to 1. 
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Figure B 2: The power enhancement along transversal y axis at the position of the FL that appear in the output surface 
of the truncated dielectric cylinder is shown for (a) a = 0.096λ0, (b) a = 0.103λ0, (c) a = 0.109λ0, (d) a = 0.116λ0, and (e) a = 
0.122λ0. The black line at the power enhancement at 1 shows when the power distribution through the structure constituted of 
an optical fibre and a truncated dielectric cylinder is the same to the power distribution through the optical fibre alone. (f) The 
FWHM is shown as a function of various values of a, which have been calculated from (a-e). (g) The power enhancement for 
a = 0.122λ0 and R = 0.55λ0 is illustrated in the yz plane. 
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To move forward at the values of a from 0.129λ0 to 0.225λ0, we observe that all FLs 

appear inside the truncated dielectric cylinder, as shown in Fig. B.3 a-c, where zero in the 

propagation z axis means the flat outer surface of the truncated dielectric cylinder. The locations 

of the FLs and the power enhancement vary when a value is changed, as expected. Fig. B.3 d 

illustrates the FL locations as a function of the values of a, so that the results can be observed 

more clearly. In this case, the FL axis has a negative scale, indicating the presence of the FL 

within the truncated dielectric cylinder. This result differs with the observations in Fig. B.1 b, 

where the FL axis has a positive scale. FLs range approximately from 0.06λ0 to 0.08λ0 from the 

surface of the truncated dielectric cylinder. 

 

Figure B 3: (a-c) The power enhancement along the propagation z axis when y = 0 for a = 0.129λ0 to 0.225λ0 is 
illustrated. The vertical black line at z = 0 is the output surface of the truncated dielectric cylinder. (d) The FL as a function of 
different values of a is displayed. 

The FWHM and the power enhancement on the outer surface of the truncated dielectric 

cylinder are calculated specifically at the z = 0 for a = 0.129λ0 to 0.225λ0, as seen in Fig. B.4 

a,b respectively. In this analysis, it is shown that as the value of a increases, there is a decrease 

in spatial resolution and an increase in power enhancement. However, all spatial resolution 

values on the truncated dielectric cylinder surface are less than half a wavelength. These values 

are ranged from 0.17λ0 to 0.39λ0, while the corresponding power enhancement values vary from 

1 to 18. 
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Figure B 4: (a) and (b) The FWHM and the power enhancement as a function of the different values of a ( from a = 
0.129λ0 to 0.225λ0) are illistrated. These values have been calculated at just the output flat surface of truncated dielectric 
cylinder where z = 0. 

The best spatial resolution is obtained at a = 0.135λ0, while the highest power 

enhancement is achieved at a = 0.219λ0, as shown in Fig. B.4 a,b respectively. Fig. B.5 a 

illustrates the power enhancement in yz plane for the best spatial resolution when a = 0.135λ0 

and R = 0.55λ0. This result clearly demonstrates that a FL is generated within the truncated 

dielectric cylinder and close to its outer surface. Fig. B.5 b depicts the power enhancement 

along the y axis at the outer surface of the lens (z = 0). The FWHM at y = 0 has been calculated 

to be 0.17λ0 with a power enhancement of 1.5. Furthermore, Fig. B.5 c shows the result of the 

highest power enhancement in the yz plane, which is achieved at a = 0.219λ0. Fig. B.5 c is 

similar to the result depicted in Fig. B.5 a, where a FL is produced within the truncated dielectric 

cylinder close to its output surface. At the value of a = 0.219λ0, the spatial resolution determines 

0.37λ0, while the power enhancement is seen to be 18, as depicted in Fig. B.5 d. 
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Figure B 5: The power enhancement on the yz plane, where R = 0.55λ0, is shown for (a) a = 0.135λ0 and (c) a = 
0.219λ0. The power enhancement along the y axis at the z = 0 is extracted from panels (a) and (c) for panels (b) and (d), 
respectively. 

ii. Varying truncation distances of dielectric cylinder for R = 1.55λ0 

This section is a continuation of section 3.1.2, in which the structure of a truncated 

dielectric cylinder is investigated in 2D using COMSOL Multiphysics. The radius of the 

dielectric cylinder is determined to be R = 1.55λ0, providing that the wavelength inside the 

dielectric cylinder is similar to that of previous studies performed under planewave illumination 

[94]. The dielectric cylinder is truncated using Eq. 2.18 in order to move the PNJ from the 

inside to the output surface. By applying Eq. 2.18, where R has the value of 1.55λ0, the value 

of a is approximately 0.47λ0. 

The performance analysis of the structure includes a parametric study in which the 

truncated distance a is changed while the value of R remains constant at 1.55λ0. The range of a 

has been set between 0.387λ0 and 0.554λ0, with steps of ∼0.006λ0. We are able to produce PNJs 

outside the dielectric cylinder by truncating the output profile. This demonstration is observed 

for all investigated a values, as depicted along the positive vertical axis of Fig. B.6. 
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Figure B 6: The power enhancement along the propagation z axis at y = 0, where the radius of the dielectric cylinder 
is R = 1.55λ0, ranges from a = 0.387λ0 to 0.554λ0, with steps of ∼ 0.006λ0. z = 0 represents the output surface of the truncated 
dielectric cylinder.
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Appendix C: Investigation of PNJ performance with varied sizes of 

truncated dielectric spheres 

i. Analysis of PNJ performance using small dielectric spheres 

The results of a small size of the 3D dielectric sphere are analysed and participated in a 

conference [180]. Here, we only employ a dielectric size equal to one wavelength inside the 

dielectric sphere R = 0.5λd0 due to in the previous study, we take into account the refractive 

index of the dielectric and relate it to the size of the dielectric until it becomes R = 5λd0 [94]. 

Fig. C.1 a illustrates the power distribution on the xz plane of a full dielectric sphere, showing 

the expected presence of the FL within the dielectric sphere [88]. The FL is located at a distance 

of 150 nm from the dielectric surface within the dielectric sphere, as depicted in Fig. C.1 b. To 

determine the spatial resolution of the FL, the FWHM of the power distribution inside the 

dielectric at the FL is calculated, given that FWHMx = 0.44λd with respect to the wavelength 

inside the dielectric sphere as shown in Fig. C.1 c. 

 

Figure C 1: (a) The power distribution on the xz plane is determined for a dielectric sphere placed at the end of the 
optical fibre. (b) The power distribution at x = y = 0 along the z axis is determined from panel (a). (c) The power distribution 
along the transversal x axis within the dielectric sphere at the focal spot is determined by the structure of panel (a). (d) The 
power distribution on the xz plane is determined for a truncated dielectric sphere placed at the end of the optical fibre. (e) 
Power distribution along the z axis at x = y = 0 extracted from panel (d). (f) The power distribution along the transversal x 
axis is determined just at the output surface of the truncated dielectric sphere (z = 0), considering both the scenario with the 
truncated dielectric sphere (rad) and the scenario without it (navy). The values of the power distribution scale bar have been 
normalised by a value of 1e9 to provide a better image of the results. 

 The dielectric sphere has been truncated using Eq. 2.18 for R = 0.5λd0, resulting in the 

calculation of a = 71 nm. Fig. C.1 d shows the power distribution in the xz plane where y = 0 
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after truncating the dielectric sphere. The findings indicate that the FL is located within the 

truncated dielectric sphere at a distance of 122 nm from the surface of the dielectric. 

Furthermore, a portion of the focus has the ability of leaking into freespace through the flat 

surface of the truncated dielectric sphere, as depicted in Fig. C.1 e. FWHM along the x and y 

axes of the power distribution on the outer surface of the truncated dielectric sphere are FWHMx 

= 0.22λ0 and FWHMy = 0.19λ0, respectively. In Fig. C.1 f, the red line represents the power 

distribution along the x axis at the output surface of the truncated dielectric sphere, whereas the 

navy line represents the power distribution along the x axis at the end of the optical fibre without 

a dielectric. Fig. C.1 f provides a clear representation of how the truncated dielectric sphere 

improves power distribution. We observe that the spatial resolution of the optical fibre with the 

truncated dielectric sphere is higher than the spatial resolution of the optical fibre without a 

truncated dielectric sphere, as it is equal to FWHMx = 3.84λ0 and FWHMy = 3.84λ0 without a 

truncated dielectric sphere as shown in Fig. 2.13. We also find that the power distribution using 

the truncated dielectric sphere is approximately 4 times higher than the power distribution by 

the optical fibre without the truncated dielectric sphere. 

ii. Exploring the effects of varying truncation distance on PNJs with a dielectric sphere 

of R = 1.55λ0 

This section continues the investigation of the structure of a truncated dielectric sphere in 

3D using the CST Studio Suite introduced in section 3.3.2. The radius of the dielectric sphere 

has been determined to be R = 1.55λ0. To shift the PNJ from the inside to the outer surface of 

the truncated dielectric sphere, we apply Eq. 2.18 to truncate the dielectric sphere. Applying 

Eq. 2.18, where R is equal to 1.55λ0, obtains a ≈ 0.47λ0. The evaluation of the truncated 

dielectric sphere includes performing a parametric study, with modifying the value of a, while 

keeping the value of R = 1.55λ0. The range of a has been chosen to be from 0.387λ0 to 0.554λ0, 

with steps of 0.006λ0. By truncating the dielectric sphere, it is possible to generate PNJs inside 

and very close to the output surface of the truncated dielectric sphere, as depicted in Fig. C.2 a-

e (along with the negative z axis). In these results, it is seen that the focus is able to leak into 

the freespace via the flat surface of the truncated dielectric sphere. 
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Figure C 2: At the position where x = y = 0, the power enhancement along the propagation z axis ranges from a = 
0.387λ0 to 0.554λ0, with steps of ∼ 0.006λ0. The radius of the dielectric sphere is R = 1.55λ0. The value of z = 0 denotes the 
output surface of the truncated dielectric sphere.  

iii. PNJ outside of the truncated high refractive index dielectric 

The findings presented in this section were participated to a conference [188,189]. We 

demonstrate the production of a PNJ at the output surface of an engineered dielectric sphere 

with a high refractive index placed at the end of an optical fibre. A dielectric sphere is 

positioned at one end of the core of an optical fibre, and the core and dielectric sphere are 

completely immersed in a cladding material. The structure has a core and cladding diameter of 

8 m and 125 m, respectively, working at a wavelength of λ0 = 1.55 μm. The core and cladding 

have a refractive index of ncore = 1.445 and ncladding = 1.44, respectively. The radius of the 

dielectric sphere is R = 1.51λ0, and its refractive index is nd = 3.3. At the output surface, the 

background is air, with nb = 1.  

The FL appears inside the dielectric sphere as expected and are illustrated in Fig. C.3 a 

because of the difference between the refractive index of the dielectric sphere and the 

surrounding background is higher than 2. The FWHM of the power enhancement at the 

transversal x and y axes within the dielectric sphere at the FL is calculated in order for evaluating 



 
124 

 

the spatial resolution of the FL. The resulting values are FWHMx = 0.50λd0 and FWHMy = 

0.59λd0, with respect to the wavelength within the dielectric sphere, and the approximate power 

enhancement is 160, as shown in Fig. C.3 b. 

 

Figure C 3: (a,c) Power enhancement on the yz plane at x = 0 for both full dielectric sphere and truncated dielectric 
sphere, respectively. (b,e) Power enhancement along the transversal axes x (blue) and y (dashed red) at the FL position for a 
full dielectric sphere at z = - 0.68λ0 and a truncated dielectric sphere at z = 0.12λ0, respectively. (d) At the centre of the 
truncated dielectric sphere, power enhancement on the z axis (x = y = 0) is shown. The PNJ can be observed outside the 
truncated dielectric sphere along the positive z axis, with the outer surface located at z = 0. 

As shown in Fig. C.3 c, we can truncate both the dielectric sphere and the cladding to 

create a flat surface at the output of the dielectric sphere. 0.46λ0 is the distance between the 

centre of the truncated dielectric sphere and its flat surface on the right. The power enhancement 

on the yz plane is shown in Fig. C.3 c, where the PNJ is generated outside of the truncated 

dielectric sphere. In order to make it easier to observation of the position of the PNJ beyond the 

truncated dielectric sphere, Fig. C.3 d illustrates the power enhancement along the z axis at x = 

y = 0, which is the centre of the structure. Based on these findings, the PNJ is transferred outside 

of the truncated dielectric sphere at a distance of 0.12λ0, given that the outside flat surface is at 

z = 0 and the power distribution is 12 times greater than without the truncated dielectric sphere. 

To evaluate the resolution of this PNJ, we determine the FWHM at z = 0.12λ0, which is the 

location of the PNJ, as depicted in Fig. C.3 e. Along the y and x axes, the values are FWHMy = 

0.36λ0 and FWHMx = 0.48λ0, respectively. The results demonstrate that the PNJs can be 

generated at the output surface of a high index dielectric sphere placed at the end of the core of 

an optical fibre and immersed in cladding material. The PNJs have been shown to have a spatial 

resolution on the transverse axis that is less than half the wavelength.
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Appendix D: Overview of the experimental configuration and materials 

used 

This section discusses the materials and equipment used for device fabrication in the 

photonics lab at Newcastle University. A large empty capillary with the product ID TSP150375 

Fused Silica Capillary, purchased from CM Scientific, is displayed in Fig. D.1 a after it has 

been cleaved and cleaned. It has an empty core with a diameter of 150 μm +/- 4 μm and a silicon 

dioxide (SiO2) cladding with a diameter of 363 μm +/- 10 μm. One end is filled with Ge, as 

shown in Fig. D.2 a, and the other end is connected by gas pressure, as shown in Fig. D.1 h. 

The small capillary in Fig. D.1 b, which is made of SiO2, has a core diameter of 5 μm +/- 2 

μm and a cladding diameter of 363 μm +/- 10 μm after being cleaved and cleaned. It was 

purchased from CM Scientific and has the product ID TSP150375 Fused Silica Capillary. One 

end of Fig. D.1 b is spliced to the Ge filled end of the larger capillary. 

 

Figure D 1: (a,b) These image illustrate the clean, empty capillary, including both large and small sizes, respectively. 
(c) The image displays the use of a scribe and tweezers for cleaving and handling capillaries, respectively. (d) The LDS machine 
is utilised for steps that include splicing and tapering capillaries. (e) The image shows the furnace used for melting the Ge. (f) 
This image provides a magnified view of (d), illustrating the hands holding the capillary and the surrounding arc. (g) The CO2 
laser is utilised to transform cylindrical Ge into spherical shapes. (h) This illustration depicts a gas pressure connection with 
a large capillary. (i) This image shows a tubing sleeve connecting the large capillary to the gas pressure. (j) The illustration 
shows an image from the LDS machine that shows how carefully the small tapered capillary with Ge spheres inside was 
cleaved. 

In Fig. D.1 c, a scribe and tweezer are used to cleave and handle capillaries. The scribe 

was purchased from Thorlabs, and the ID is S90R - Ruby DualScribe Fiber Optic Scribe. We 

rely on Fig. D.1 d, the LDS machine, to facilitate processes such as splicing and tapering 

capillaries, as well as cleaving after the formation of Ge spheres within the small capillary. Fig. 

D.1 f depicts a magnified image of Fig. D.1 d, displaying the hands holding the capillary and 
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the arc around it. Fig. D.1 e is the furnace used to melt Ge. This process involves inserting the 

small capillary, which has been spliced to the larger capillary containing the Ge, into the 

furnace, which causes the Ge to melt. In Fig. D.1 h, a gas pressure is shown with one end of the 

large capillary being connected to it. After approximately ten minutes of running the furnace, 

we turn on the gas pressure to make the molten Ge to move from the large capillary to the 

smaller capillary. Fig. D.1 i shows a tubing sleeve that was purchased from Cole-Parmer. It is 

compatible with capillaries ranging in diameter from 350 to 390 µm and has the ID of Idex F-

230 tubing sleeve. It connects the large capillary to the gas pressure. The large capillary is 

inserted into the tubing sleeve, and the nut is tightened to connect the tubing sleeve to the gas 

pressure. Fig. D.1 g is an image of the CO2 laser, showing where the small capillary with the 

Ge core is carefully placed on holders. These holders enable the small capillary to 

be moved passing the focal point of the CO2 laser. Fig. D.1 j shows an image from the LDS 

machine that shows how the small tapered capillary that contains the Ge spheres was carefully 

cleaved. In this process, the sample is placed on a stage and the needle is used to apply pressure 

to the sample. Subsequently, the sample is gently pulled from both sides using hands holding 

the capillary of the LDS machine until the desired cleavage is achieved. 

Fig. D.2 a shows Ge powder that has been mixed with isopropanol to make it easier to 

insert in the large capillary. Fig. D.2 b,c shows the optical properties of Ge, particularly its 

refractive index and extinction coefficient at different wavelengths. These exact values about 

Ge were carefully input into the CST Studio Suite simulation, which produced the results shown 

in section 4.1. 

 

Figure D 2: (a) The image shows the Ge powder used to create a sphere. (b,c) The refractive index and extinction 
coefficient of Ge show as a function of the different wavelengths [167].  
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Appendix E: Evaluating power enhancement sensitivity of Ge elliptic lenses 

based on positional differences and comparative analysis of lens shapes 

The impact of power enhancement on the position of the Ge elliptic lens is investigated 

in this section. In this discussion, we evaluate the power enhancement sensitivity of the full Ge 

elliptic lens position based on the simulation results shown in Fig. 4.12. The Fig. 4.12 depicts 

the simulation results of a sample provided in the lab, where the full Ge elliptic lens was 

positioned 0.8λ0 away from the centre of the core of the optical fibre on the y axis. The results 

in Fig. E.1 (a-c) depict three different positions of full Ge elliptic lenses along the y axis. The 

positions of the full Ge elliptic lens along the y axis are as follows: 0λ0, 0.2λ0, and 0.4λ0, 

respectively. The results clearly show that the FL is generated inside the full Ge elliptic lens, as 

expected. However, when determining the power enhancement at the output surface of the full 

Ge elliptic lens, the power enhancement decreases as the full Ge elliptic lens is moved away 

from the centre of the optical fibre, as expected, and illustrated in Fig. E.1 (d). 

To compare the Ge elliptic lens positioned in the centre of the core of the optical fibre 

with the results presented in Fig. 4.12 (c), Fig. E.2 (a) depicts the power enhancement along the 

z axis when it propagates in the centre of the Ge elliptic lens. The positions of FL within the Ge 

elliptic lens are similar between Fig. 4.12 (c) and Fig. E.2 (a). The power enhancement along 

the x axis (at y = z = 0) and y axis (at x = z = 0) at the output surface of the Ge elliptic lens is 

illustrated in Fig. E.2 (b). The results demonstrates that, as expected, the FL is generated at the 

centre of the structure at x = y = 0. When calculating the spatial resolution of the generated FL, 

we obtain that the values for spatial resolution are FWHMx = 0.20λ0 and FWHMy = 0.18λ0. 

This spatial resolution of Fig. E.2 (b) is higher than the spatial resolution of Fig. 4.12 (d,e), and 

this is due to the position of the Ge elliptic lens, which impacts the spatial resolution. 

When the Ge elliptic lens in the centre of the core of the optical fibre is truncated, as 

illustrated in Fig. E.2 (c), and this result is compared to the one of the truncated Ge lenses in 

Fig. 4.13 (a), it is observed that both results generate FLs outside the truncated Ge elliptic lens. 

Fig. E.2 (d) illustrates the power enhancement along the z axis of the truncated Ge elliptic lens 

as it propagates in the centre of the truncated Ge elliptic lens in order that the generated FLs 

outside the lens can be observed more clearly outside of the truncated Ge elliptic lens. This 

demonstrates that, similar the result in Fig. 4.13 (b), the FL is generated at a distance of 0.19λ0 

from the output surface of the truncated Ge elliptic lens. In order to determine the spatial 
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resolution of the FL generated, the power enhancement along the x axis (at y = 0 and z = 0.19λ0) 

and y axis (at x = 0 and z = 0.19λ0) are illustrated in Fig. E.2 (e,f), respectively. In Fig. E.2 (e,f), 

the FL is generated at the centre of the structure, as expected. This is in difference with Fig. 

4.13 (c,d), where the FL is positioned y = 0.8λ0 away from the centre of the optical fibre core. 

In Fig. E.2 (e,f), the spatial resolution results are, respectively, FWHMx = 0.62λ0 and FWHMy 

= 0.46λ0. The spatial resolution observed in Fig. E.2 (e,f) is higher to that of Fig. 4.13 (c,d) due 

to the truncated Ge elliptic lens is positioned at the centre of the core of the optical fibre. 

 

Figure E 1: (a-b) To observe the sensitivity of the Ge elliptic lens position, the structure is simulated using the CST 
Studio Suite in an arrangement similar to Fig. 4.12 (b), but with a different y axis position. The values of the parameters for 
(a-c) were obtained from Fig. 4.12 (a), but with different y axis positions. The output surface of all Ge elliptic lenses is denoted 
by z = 0, and the Ge elliptic lens is illuminated on the left by an optical fibre with a wavelength of λ0 = 2 μm and a core diameter 
of 5.6λ0. The power enhancement in the yz plane is shown with the centre of the Ge elliptic lenses at (x = 0, z = - 0.88λ0), where 
(a) y = 0λ0, (b) y = 0.2λ0, and (c) y = 0.6λ0, respectively. The horizontal white dashed line along z at y=0 is presented to better 
illustrate the change in the position of the Ge elliptic lens at the y axis. (d) The power enhancement is illustrated as a function 
of the position of the Ge elliptic lens at y = 0λ0, 0.2λ0, and 0.6λ0, where z = x = 0. 

Finally, we compare the results of a Ge elliptic lens, a truncated Ge elliptic lens, a Ge 

sphere, and a truncated Ge sphere in terms of spatial resolution, power enhancement, and FL 

location to determine the optimal lens shape when these lenses are positioned in the centre of 

the core of the optical fibre. When examining the results for the Ge sphere in Fig. 4.1 and the 

Ge elliptic lens in Fig. E.1 (a) and Fig. E.2 (a,b), it is evident that the FL is located within the 

lens. This is as expected, as the ratio between the index of refraction of the dielectric and the 

surrounding background is greater than two. However, the FL distance of a Ge elliptic lens is 

closer to its outer surface than that of a Ge sphere. Therefore, we observe that the spatial 

resolution and the power enhancement at the output surface of the Ge elliptic lens are higher 
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than that of the Ge sphere. On the other hand, the comparison results between the truncated Ge 

elliptic lens in Fig. E.2 (c-f) and the truncated Ge sphere in Figs. 4.3 to 4.5 demonstrate that the 

truncated Ge sphere provides higher spatial resolution and power enhancement than the 

truncated Ge elliptic lens. Consequently, in chapter 4, the truncated Ge sphere with a radius of 

1.15λ0 and a value of 0.39λ0, as shown in Fig. 4.5, is still considered the most optimal structure. 

 

Figure E 2: (a) The power enhancement along the z axis at x = y = 0 is shown, where extracted from Fig. E.1 a. (b) 
The power enhancement is shown by a blue line along the x axis (at y = 0) and a red dashed line along the y axis (at x = 0) at 
z = 0 (extracted from Fig. E.1 a). The power enhancement for (c) with the same structure as Fig. E.1 a is presented in the yz 
plane after the full Ge elliptic lens has been truncated. The power enhancement along the z axis is illustrated in (d) at the centre 
of the truncated Ge lens, where x = y = 0. z = 0 is the location of the output surface of the truncated Ge elliptic lens. (e,f) The 
power enhancement at the FL where z = 0.19λ0 is presented along the transversal x and y axes, respectively.  
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Acronyms 

5G Fifth generation communication 

a The truncated distance from the centre of the dielectric 

AM Amplitude modulation 

𝑏𝑏  The normalized propagation constant 

𝑐𝑐  The speed of the light in a vacuum 

CO2 Carbon dioxide laser 

𝐷𝐷  The total dispersion parameter 

𝐷𝐷𝑀𝑀  The material dispersion 

DNA Deoxyribonucleic acid 

DoF The depth of focus 

𝐷𝐷𝑊𝑊  The waveguide dispersion 

𝑬𝑬  The electric field 

EHmn Hybrid symbols for electric fields 

FDTD Finite-difference time-domain 

FEM Finite Element Method 

FIR Far infrared 

FL Focal length 

FM Frequency modulation 

FWHM The full width at half maximum 

Ge Germanium 

H The magnetic field 

HEmn Hybrid symbols for magnetic fields 

IR Infrared 
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ISO International Organization for Standardization 

k The extinction coefficient 

L The transversal lengths of the dielectric 

LDS Large Diameter Splicing System machine 

m The azimuthal mode number 

𝑉𝑉𝑒𝑒  Electron mass 

MIR Medium infrared 

n The radial mode number 

𝑁𝑁  Electrons per unit volume 

n The refractive index 

ñ The complex refractive index 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐  The refractive index for the cladding 

𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒  The refractive index for the core 

𝑉𝑉𝑒𝑒𝑓𝑓𝑓𝑓  The effective index or mode index 

NA𝑛𝑛𝑐𝑐𝑐𝑐  The numerical aperture of an optical microscope system 

NA𝑓𝑓  The numerical aperture of an optical fibre 

nb  The refractive index of the background 

nd  The refractive index of the dielectric 

𝑉𝑉g  The group index 

𝑉𝑉g(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐)  The group index of refraction in the cladding of an optical 

fibre 

NIR Near infrared 

𝑷𝑷  The electric polarisation 

PNJ Photonic nanojet 

𝑞𝑞𝑒𝑒  Electron charge 

R The radius of the dielectric 
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𝑉𝑉𝑐𝑐𝑐𝑐𝑛𝑛𝑒𝑒  The radius of the core 

Rcy The radius of the added cylinder 

Si Silicon 
 

SiO2 Silicon dioxide 

SiO2-Ge Silicon dioxide with germanium 

tan δ The loss tangent 

TE0n Transverse electric modes 

TM0n Transverse magnetic modes 

𝑣𝑣  The speed of an electromagnetic wave in a medium 

V𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛   Normalized frequency 

Vc  The cut-off number 

𝑣𝑣g  The group velocity 

∆  The index difference 

∆𝐿𝐿  The different paths for the modes 

∆𝑇𝑇  The delay for the modes 

𝜖𝜖  Permittivity 

θc  The critical angle 

θg  The angle of incident light 

𝜃𝜃ℎ  The half-angle of the light that collected from the sample 

under the objective lens 

λ0  The wavelengths in freespace 

λ𝑐𝑐  The cut-off wavelength 

λd  The wavelengths in dielectric 

λZD  The zero-dispersion wavelength 

𝜖𝜖  Permeability 

𝜔𝜔  The frequency 
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