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 DESIGN AND FABRICATION OF COPPER-FILLED PHOTONIC CRYSTAL 

FIBER FOR PASSIVE OPTICAL DEVICES 

ABSTRACT 

Sub-wavelength electromagnetic waves generated and confined along a metal-

dielectric interface via polarized light excitation – also referred to as surface plasmon 

offers a unique possibility of guiding properties. In this thesis, the copper-filled photonic 

crystal fiber (PCF) as a new type of plasmonic waveguide is introduced. The holey 

structure of the photonic crystal fiber is exploited by incorporating a copper microwires 

into one of the air holes of the PCF. Initially, a technique to fabricate copper encapsulated 

by silica is developed. By adopting the fiber drawing method, we combine the traditional 

Taylor wire process to fabricate such structure. We chose Taylor wire process because it 

is one of the most practical ways and the suitability of the facility that we have. This 

technique provides a desired copper-in-glass structure with excellent controls over the 

aspect ratio, diameter, and length. We successfully fabricated a copper-core optical fiber 

that extends for 100’s of meters while remaining up to 6 meters long electrically 

continuous the longest metal in glass-based fiber reported so far. This technique ensures 

high repeatability and mass-productions of ultra-long metal in glass, and opens the 

possibility of nano-sized copper wires resulting in plasmon based applications. 

Metallic PCF has many applications in the field of optics communications, especially 

in passive optical device. Thus, by employing the copper-cane format, we could produce 

a copper-filled PCF. A traditional approach of stack-and-draw method is used to fabricate 

copper-filled PCF. We designed a single copper wire which was placed next to the PCF 

core. The light propagated in the fiber core eventually couple to the SPPs mode, generated 

by the copper at the phase matching wavelength, also known as resonant condition. The 

results suggested a high loss occurred at the phase matching condition. The coupled mode 
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theory was numerically analyzed to investigate the dispersion properties and loss of the 

proposed structured. It was found that the fabricated copper-filled PCF showing the good 

properties as a polarization filter with high attenuation, a narrow full-half width maximum 

(FHWM), high crosstalk and significant bandwidth .Taken together, the PCF polarization 

filter can also work in the communication wavelength of 1.31 µm and 1.55 µm when the 

diameter of the copper is altered. This study enables the realization of wavelength-

dependent polarization filter.  

Next, we also proposed a polarization splitter based on copper-filled dual core 

photonic crystal fiber. The copper wire is placed between the PCFs cores. We numerically 

analyze the proposed dual-core structure with commercially available software, 

COMSOL Multiphysics. Copper wire will increase the birefringence of the PCF structure 

thus would result in shorter coupling length between both cores. Short coupling length is 

one of the key parameter as a good splitter. The coupling length for the proposed structure 

is 1196 µm with coupling ratio of 2 which could operate at 1.55 µm, the communication 

band. Plus, the extinction ratio for the copper-filled dual-core PCF is considerably low at 

1.55 µm with -40 dB. The bandwidth achieved with extinction ratio lower than -20 dB is 

88 nm – realizing a broadband and single splitting device which operates at 1.55 µm. 

 

Keywords: Fiber design, Photonic crystal fiber, Microstructure fabrication, Passive 

optical devices. 
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REKABENTUK DAN FABRIKASI GENTIAN FOTONIK KRISTAL DIISI 

KUPRUM UNTUK PERANTI OPTIK PASIF 

ABSTRAK 

Sub-gelombang pada gelombang elektromagnet dijana dan dibatasi di sepanjang 

logam-dielektrik antara muka melalui pengujaan cahaya terkutub - juga dirujuk sebagai 

plasmon permukaan yang menawarkan kemungkinan ciri panduan yang unik. Dalam tesis 

ini, kami memperkenalkan gentian fotonik kristal (GFK) yang diisi kuprum sebagai 

sejenis panduan gelombang plasmonik yang baru. Struktur saluran berongga di dalam 

gentian fotonik kristal dieksploitasi untuk mengintegrasikan wayar kumprum mikro ke 

dalam salah satu rongga pada klad gentian tersebut. Pada permulaanya, satu teknik untuk 

memfabrikasi kuprum yang disampulkan oleh silika dibangunkan. Dengan 

mengadaptasikan kaedah penghasilan gentian, kami menggabungkan proses penghasilan 

secara tradisional ‘Taylor wire’ untuk memfabrikasikan struktur tersebut. Kami telah 

memilih proses ‘Taylor wire; kerana ia adalah salah satu cara yang paling praktikal dan 

memenuhi kesesuaian kemudahan yang kami miliki. Teknik ini menyediakan struktur 

kuprum-dalam-kaca yang dikehendaki dengan kawalan yang sangat baik terhadap aspek 

nisbah, diameter, dan panjang. Kami telah berjaya menghasilkant gentian optik 

berteraskan kuprum yang mencapai sehingga 100 meter dengan mengekalkan sehingga 6 

meter panjang elektrik secara berterusan - logam terpanjang dalam gentian berasaskan 

kaca yang dilaporkan setakat ini. Teknik ini memastikan kebolehulangan tinggi dan 

pengeluaran secara besar-besaran logam yang ultra-panjang, dan mampu membuka 

kemungkinan wayar kuprum berukuran nano yang menyumbang ke arah aplikasi yang 

berasaskan plasmon. Metalik gentian fotonik kristal mempunyai banyak aplikasi dalam 

bidang komunikasi optik terutamanya dalam peranti optik pasif. Oleh itu, dengan 

menggunakan format kuprum ‘cane’, kita mampu menghasilkan gentian fotonik kristal 

yang diisi logam kuprum. Kaedah pendekatan tradisional ‘stack-and-draw’ digunakan 
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untuk memfabrikasi PCF yang diisi logam kuprum. Kami merancang wayar kuprum 

tunggal yang diletakkan bersebelahan dengan teras GFK. Cahaya yang dibawa di dalam 

teras gentian akhirnya akan dipasangan ke mod SPP dari logam kuprum.pada fasa 

pasangan panjang gelombang yang sepadan. Hasilnya mendedahkan bahawa pada 

panjang gelombang tertentu, atenuasi yang sangat tinggi akan berlaku. Teori mod 

pasangan dikaji secara numerikal untuk menyiasat sifat penyebaran dan atenuasi ke atas 

struktur cadangan tersebut. Telah didapati bahawa PCF yang diisi kuprum menunjukkan 

ciri-ciri yang baik sebagai penapis polarisasi seperti atenuasi yang tinggi, lebar separuh 

penuh (FHWM) yang kecil, ketinggian ‘crosstalk’ dan jalur lebar yang signifikan. 

Digabungkan bersama, penapis polarisasi PCF juga boleh berfungsi pada panjang 

gelombang komunikasi pada 1.31 μm dan 1.55 μm apabila diameter kuprum diubah. 

Kajian ini boleh merealisasikan penapis polarisasi bergantung kepada panjang 

gelombang. Seterusnya, kami juga mencadangkan pembahagi polarisasi berdasarkan 

gentian fotonik kristal yang diisi kuprum. Wayar kuprum diletakkan di antara teras GFK. 

Kami menganalisis secara numerik cadangan yang direkabentuk oleh perisian yang 

tersedia secara komersial, COMSOL Multiphysics. Wayar kuprum akan meningkatkan 

‘birefringence’ struktur GFK dengan itu akan memendekkan panjang gandingan antara 

dwi-teras. Panjang gandingan yang pendek adalah salah satu parameter utama sebagai 

pembahagi yang baik. Panjang gandingan untuk struktur yang dicadangkan ialah 1196 

μm dengan nisbah gandingan 2 yang boleh beroperasi pada 1.55 μm, jalur komunikasi. 

Tambahan pula, nisbah kepunahan untuk GFK dwi-teras yang dipenuhi kuprum agak 

rendah pada 1.55 μm dengan -40 dB. Jalur lebar dicapai dengan nisbah kepunahan yang 

lebih rendah daripada -20 dB ialah 88 nm - merealisasikan peranti pemisah yang luas dan 

tunggal yang beroperasi pada 1.55 μm. 

 Kata kunci:  Rekabentuk gentian, Gentian fotonik kristal, Fabrikasi Mikrostruktur, 

Alatan optik pasif 
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CHAPTER 1: INTRODUCTION 

1.1 Introduction  

The study concerning light and matter interactions plays an essential role in many 

aspects of life. Several optical effects such as scattering, emission, absorption, refraction, 

and fluorescence may evolve from the interaction of electromagnetic wave (light) with 

atoms or molecules (material). The novel optical devices and instruments for 

telecommunication purposes, light source, sensor, and optical interconnection can be 

created if the interaction between light and matter are precisely controlled. 

Optical fiber is an excellent example showing its capability to guide and manipulate 

light. The fundamental physics principle of total internal reflection for propagating light 

in a higher refractive index medium in the core which was first presented by the winner 

of the Nobel Prize for Physics, Charles Kuen Kao in 1966 and further published in July 

with his former colleague, George Hockham. With very low attenuation loss, the optical 

fiber could provide high bandwidth optical signal transmission for a long distance 

communication. The revolution of optical fiber became rapid with the creation of 

Photonic crystal fiber (PCF) - a modified version of the optical fiber, which provides 

unique potentials in the investigation of light manipulation in wavelength-scale systems 

(P. Russell, 2003, 2007; P. S. J. Russell, 2006; Wadsworth, Knight, & Birks, 2012). PCF 

is a type of optical fiber with two-dimensional periodic structures of hollow channels. 

Light can be guided through a solid core PCF by a modified total internal reflection and 

in a hollow core PCF by photonic bandgap effect. Since the born of the first PCF in 1995, 

its versatility establishes itself through cross-disciplinary applications, owing to its 

interesting structure with adjustable parameters such as the diameter of the air holes, size 

of pitch and the materials that can be embedded inside the hollow channels. For example,  

the supercontinuum generation (J.M. Dudley et al., 2006; T.A. Birks et al., 1996), optical 

sensing (M.C.P. Huy et al., 2007; D.K.C. Wu et al., 2009), particles guidance (O.A. 
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Schmidt et al., 2012; M.K. Garbos et al., 2011), (J. Bland-Hawthorn  et al., 2011), gas-

based nonlinear optics studies (J. Travers et al., 2011; P. Hoelzer et al., 2011), 

optoacoustic interactions (M.S. Kang et al., 2009), and so on.  

The main function of dielectric waveguide is to send light. However, its performance 

has been mainly limited by diffraction. For instance, the diffraction limit which is defined 

by d = λ/2n for a dielectric medium with the refractive index of n. This implies that light 

could not be focused into a spot smaller than dimension d and cannot be guided in the 

optical fiber or waveguide core with the dimension smaller than d. The diffraction limit 

actively limits the development of photonic devices and impedes the ability to precisely 

control and manipulate the light-matter interaction in subwavelength scale. Various 

efforts have been cleared to attain optical waveguide with sub-wavelength scale, and one 

promising approach arises from the concept of surface plasmon polaritons. The 

electromagnetic wave can be guided by a metal-dielectric structure below the diffraction 

limit while providing the high optical bandwidth. The progress in micro and 

nanofabrication techniques has attracted researcher to fabricate nanoscale metal-insulator 

construction. Owing to its nature as a surface electromagnetic waves, SPP modes can 

guide along the interface between metal and dielectric medium with a subwavelength 

scale confinement far below the diffraction limit of light less than 50 nm (Barnes, Dereux, 

& Ebbesen, 2003). Hence, the necessities to acquire a smaller proportion of the metal-

dielectric optical waveguide is vital to overcoming these restrictions. Plasmonics devices 

with sub-wavelength confinement and high optical bandwidth can be the solution for 

future communication systems as it encompasses photonics and electronics.   
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Figure 1.1: Dielectric-metal plasmonic structure extracted from (a) waveguide 
(Holmgaard et al., 2009), (b) coupler (Z. Chen et al., 2009), (c) plasmonic biosensor 
(Wong, Krupin, Adikan, & Berini, 2015), (d) plasmonic photovoltaic cell (Atwater 

& Polman, 2010)  

A wide variety of plasmonic structures and devices has been realized such as 

plasmonic wedge or nanowire waveguide (Bozhevolnyi, Volkov, Devaux, & Ebbesen, 

2005; Bozhevolnyi, Volkov, Devaux, Laluet, & Ebbesen, 2006; Charbonneau, Berini, 

Berolo, & Lisicka-Shrzek, 2000; Ditlbacher et al., 2005) splitters (Figure 1(a)),  and 

couplers (Figure 1(b)), (Delacour et al., 2010; Drezet et al., 2007; Guo et al., 2009; Yan, 

Pausauskie, Huang, & Yang, 2009), plasmonic biosensors (Figure 1(c)),  (Rifat et al., 

2015; Wong et al., 2015) (Figure 1(c)), near-field optics and microscopy (N. Liu, 

Hentschel, Weiss, Alivisatos, & Giessen, 2011; Novotny & van Hulst, 2011) and 

plasmonic photovoltaic devices (Figure 1(d)),  (Atwater & Polman, 2010; Polman & 

Atwater, 2012)(Figure 1(d)). 

  

(a) (b) 

(c) (d) 
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1.2 Problem Statements  

Sub-wavelength electromagnetic waves generated at a metal-dielectric interface via 

polarized light excitation – also referred to as surface plasmon – continues to be a subject 

of intense research, mainly due to their capabilities in high sensitivity sensing applications 

(Wong, Krupin, Sekaran, Mahamd Adikan, & Berini, 2014; Wong, Sekaran, Adikan, & 

Berini, 2016). Fabrication of high purity, precise dimensions, and ultra-clean interaction 

surfaces remains non-trivial, particularly in ensuring high repeatability, low cost and 

accurate sensing performance. The ability to launch light into a surface plasmon structure 

without the use of prisms is an added advantage. Also, eliminating the use of free space 

optics in collecting plasmon chip outputs would lead to miniaturized modules, reducing 

the barrier to technological adoption. To this end, performing the plasmon process within 

a fiber structure is attractive as the approach lends to all the above-mentioned advantages. 

This places the need to fabricate micron, or nano-sized metal wires – only referred to here 

as nanowires – within an optical fiber structure. 

So far, no extensive work has been done on the subject of metal-dielectric fabrication. 

There are a number of approaches in producing metal-dielectric waveguides involving 

nanowires, including photolithography or electron-beam lithography (Menke, Thompson, 

Xiang, Yang, & Penner, 2006), solution based synthesis (Wiley et al., 2006), template-

based electrodeposition (Menke et al., 2006), and physical vapor deposition (Huang et 

al., 2001). Solution-based synthesis, in particular, lends to the fabrication of large 

quantities of single crystalline smooth surface nanowires. However, the technique, like 

most others, could not produce long lengths of continuously conductive wires and require 

multiple processing stages. An approach that adopts processes not too dissimilar from 

conventional optical fiber fabrication is called Taylor’s method (G. Taylor, 1924). The 

technique involves sealing a metal wire in a glass capillary and pulling the structure into 

smaller dimensions by applying heat. 260 nm Au (gold) wires were successfully 
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fabricated via this process as reported in (Tyagi et al., 2010). However, the wires 

produced are only 20 µm long, and the ‘fiber’ contained a number of micron-sized gaps 

between the lengths of nanowires. In (X. Zhang, Wang, Cox, Kuhlmey, & Large, 2007), 

work in pumping molten metal into the hollow channels of a photonic crystal fiber at very 

high pressure is reported. Metal-core sizes of 120 nm were successfully produced, but are 

limited to only a few centimeters in length. Fiber drawing is an interesting alternative 

approach to overcome these problems, since one standard preform can generate 

kilometers' of fibers. Furthermore, the fiber drawing technique also offers better control 

on the scaling down to intended fiber size with good structure.  

1.3 Research Objectives  

This study aims to produce and characterize a metal-dielectric structure based optical 

fiber by using fiber fabrication based on top-down approach. The fundamental studies of 

surface plasmon resonance in the fabricated structure will also be investigated. The 

objectives of our studies are: 

 To develop a method for fabricating metal-in-glass based optical fiber. 

 To fabricate metal-in-glass structure based optical fiber and photonic crystal fiber 

(PCFs). 

 To investigate the surface plasmon resonance (SPR) characteristics of fabricated 

metal-filled PCF and its potential applications.  

1.4 Scope of study  

This work covers fabrication, simulation, and experimental work. Design and 

development of the proposed structure are numerically simulated with a commercial 

software called COMSOL. The fabrication work begins by developing the technique to 

fabricate copper-in-glass. This technique is crucial as to produce copper-core optical fiber 

and copper-filled photonic crystal fibers (PCF). Investigation of the interaction between 

the copper-wire in PCF will be thoroughly studied to discuss its properties.  
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This thesis report is organized into six chapters. A summary of the next six chapters is 

given in this section. 

Chapter 2 gives an overview of relevant fundamental properties and theoretical 

description of the electromagnetic wave with metal on sub-wavelength scale. The 

photonic crystal fiber and its unique properties are briefly. The brief introduction of 

surface plasmon polaritons is then provided. The optical properties of metals are then 

introduced by discussing the Drude model, Maxwell’s and wave equations. The coupled 

mode theory is introduced to study the interaction between the SPP mode and the core 

guided mode in a metal-filled PCF. The recent advancement of metal-filled is reviewed. 

Chapter 3 outlines the technique to fabricate metal-in-glass capillary. Copper has been 

used since the optical properties of it is almost similar to a noble metal such as gold. We 

present the novel method to fabricate consistent and continuous length of metal-in-glass 

capillary. The comparison between existing techniques and the drawbacks of the current 

fabrication technique are reviewed. Following this, by successfully fabricating the metal 

in a glass capillary, copper-filled PCF can be fabricated. 

Chapter 4 investigates plasmon excitations and SPP coupling in copper-filled PCF. A 

copper-microwire is placed parallel and next to the solid core PCF. Surface plasmon 

resonance was observed at the phase matching wavelength between the core guided mode 

and SPP mode by measuring the optical transmission. The transmission characteristics 

including transmission spectrum, the polarization dependence, and the near-field images 

are presented and compared to the simulation results. One potential application suits this 

best is polarization wavelength-dependence filtering.  

Chapter 5 presents the copper-filled dual-core PCF. The copper wire is placed in 

between the dual cores. The interaction between both cores with the copper microwire is 

investigated. The proposed structure will potentially work as a polarization splitter, which 
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can split incoming two orthogonally polarized light into x- and y- polarized. To date, 

various structures based on PCF have been developed and introduced to produce the 

polarization splitter. However, most of the work presented was purely based on numerical 

study without the attempt to fabricate the structure. The design of polarization splitter 

based on photonic crystal fiber with a copper nanowire as a core will be introduced. The 

fabricated polarization splitter is then simulated with COMSOL Multiphysics. 

Finally, Chapter 6 concludes the thesis. Several suggestions for future works on the 

development of the novel devices are given.  
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CHAPTER 2: LITERATURE REVIEW 

In this chapter, we will discuss the interaction of light or electromagnetic wave with 

metal on the sub-wavelength scale. In section 2.1, we introduce the photonic crystal fiber 

and its unique properties. We then provide a brief introduction of surface plasmon 

polaritons. The optical properties of metal are then introduced in section 2.3 by discussing 

the Drude model. Section 2.4 discusses the Maxwell’s and wave equations. In section 2.5, 

we briefly explain the recent advancement of metal-filled PCF. 

2.1 Photonic Crystal Fiber 

In 1997, Philip Russell published the idea of PCFs (Birks, Knight, & Russell, 1997). 

He suggested the theory of photonic bandgap fiber to allow certain wavelength to trap in 

a hollow-channel core fiber, by arranging a constant periodic lattice with wavelength-

sized of tiny air-holes as cladding. Later in 2003, he and his co-workers created the solid 

core photonic crystal fiber by modifying the center hole with solid silica as a core (this is 

called a defect) (P. Russell, 2003). The findings generated a lot of attention in PCFs due 

to several potential applications in fundamental optics. PCFs are principally specified by 

three main parameters as shown in Figure 2.1. 

 

Figure 2.1: The diameter of the core, ρ, the pitch – centre-to-centre separation 
of the cladding (pitch), Λ and the diameter of the cladding, d.   

ᴧ
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There are two main types of PCF, index guiding PCF (solid core PCF) and photonic 

bandgap guiding PCF (hollow core PCF) as depicted in Figure 2.2. As shown in Figure 

2.2 (a), in index-guiding PCF, the defect core material is a silica which has a higher 

refractive index than the microstructure cladding which consists of an array of air. The 

array of air holes in the cladding provides the guiding mechanism of PCFs significantly 

dissimilar propagation characteristics from the conventional total internal reflection 

(TIR) guiding fibers. The core will have a higher refractive index and it will allow light 

to propagate only in the fiber core. Whereas, the photonic bandgap guiding as shown in 

Figure 2.2 (b), PCF traps a particular frequency of light in the hollow core by the effect 

of the photonic bandgap. For this guiding principle, it is not necessarily that the core must 

have a higher refractive index than the cladding to propagate the light. The periodic 

structure in the cladding can be made up of air (Knight, Birks, Russell, & Atkin, 1996), 

and other material with high refractive index (Luan et al., 2004). The microstructure of 

high-index cladding would cause a photonic bandgap effect which allows a specific 

wavelength to propagate in the lower-index core region.  

 

Figure 2.2: An illustration of (a) solid core PCF with SEM images, (b) hollow 
core PCF with their respective cross-sectional SEM images. Both PCF were 

successfully fabricated by our research group. 
 

Solid Core
Hollow Core

(a) (b) 
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The unique structure of both PCF with the interesting guiding mechanism, make the 

optical properties more versatile. The manipulation of the PCF structure by incorporating 

the air-holes cladding with metal (Lee, Schmidt, Tyagi, Sempere, & Russell, 2008), 

semiconductor (Yablonovitch, 2001), liquid crystal (Du, Lu, & Wu, 2004), is non-trivial 

but possible. Some interesting properties of PCF include the endlessly single mode fibers 

(Birks et al., 1997), high birefringence by designing the different symmetry of holes next 

to the core (Ortigosa-Blanch et al., 2000), hollow-core guiding (Y. Y. Wang, Wheeler, 

Couny, Roberts, & Benabid, 2011), good nonlinearity effects (Dudley, Genty, & Coen, 

2006), and dispersion engineered (Reeves et al., 2003).  In this thesis, the solid core PCFs 

(index-guiding) is mainly used and selectively incorporating copper into the air-holes for 

surface plasmon excitation.   
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2.2 Plasmonic in Photonic Crystal Fiber 

SPPs are the surface electromagnetic waves guiding along the metal-dielectric 

interface. The electromagnetic field of the light wave would excite the free electrons in 

the surface of the metal, and they oscillate (A.D.W.L. Barnes and T.W. Ebbesen 2003). 

The electromagnetic wave can propagate along a metal-dielectric interface with small 

dimension structure right under the diffraction limit while still keeping the high optical 

bandwidth. 

Generally, the SPP mode cannot be excited by directly shooting the light on the metal 

surface due to its momentum mismatch with the light in free space. Thus, the incident 

light cannot be coupled to the SPPs mode. Figure 2.3 depicts the various coupling 

techniques are proposed to match the momentum of the incident light and SPPs to excite 

the SPPs mode such as by using prism couplers (Kretschmann & Raether, 1968; Otto, 

1968), excitation with scanning near-field optical microscopy (Hecht, Bielefeldt, 

Novotny, Inouye, & Pohl, 1996), diffraction grating (Salomon et al., 2002) and so on.  

 

Figure 2.3:geometrytation configurations: (a) Kretschmann geometry, (b) two-
layer Kretschmann geometryproblemOtto geometry, (d) excitation ,th a SNOM 

probem, (e) diffraction on a grating , and (f) diffraction on surface features. Image 
is extracted from (Zayats, Smolyaninov, & Maradudin, 2005) 
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Figure 2.4: Schematic of tinto metal-filled PCF where the light is launched to 
the core for the excitation of SPP on the metal wire. 

In this study, the SPP mode is excited by an alternative configuration using metal-

filled PCF as illustrated in Figure 2.4. As mentioned earlier, by incorporating metal in the 

hollow channel of PCFs, the transmission characteristics including the dispersion and 

absorption of the metal-filled PCF can be controlled. The SPP mode will be excited when 

the light is launched into the fiber core. The SPP resonances are observed when the wave 

vectors of the core-guided mode and the SPP mode are phase-matched (Lee et al., 2008; 

M. A. Schmidt, Prill Sempere, Tyagi, Poulton, & Russell, 2008).  

The metal-filled PCF provides a novel configuration and approach to excite the SPP 

mode on a cylindrical metal-dielectric structure. These plasmonic PCFs represent a new 

type of plasmonic waveguiding which enables the realization of novel in-fiber plasmonic 

devices such as polarizers or filters, splitters, optical sensors, near-field optics for sub-

wavelength scale imaging, and nanoelectrodes.  

  

silica

Metal wire Air hole

PCF’s core
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2.3 Optical Properties of Metals 

The optical properties of metal depend on the response of the electron in the 

conduction band since metal has high electron density on the metal surface1. The 

concentrations of free electrons of metal are very high with the order of 1028 m-3. The 

dielectric function and the absorption of light due to the electron transition to higher 

energy states concerning the conduction band can be described as the free electron theory 

of metals. The Drude model often describes the electron transport in metals. The response 

of metal to electromagnetic radiation can be defined as  

EPED


)(00    

where D


 is the electric displacement, E


 is the electric field, P


 is the electric 

polarization, and  and  are vacuum permittivity and the dielectric constant for 

material, respectively. The electrons oscillate with the applied electromagnetic field in 

the free electron model. The electrons are damped when it collided with one another, 

which is characterized by a damping constant 


 1 , where   is the average time 

between successive collisions.  

 

 

 

 

_______________________ 

1 Most of the material in this section were referenced from the following sources [Mark Fox, 2001]. As such, for a more in-depth 

treatment of the subject, readers are directed to the said references.   
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By assuming an oscillating electromagnetic field of 

tieEtE  0)(


 

The motion of the electrons can be defined as an oscillation equation of 
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where m is the effective mass and e is electron charge. By solving the partial 

differential equation of Equation (2.3), the solution of the following form is: 
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 is the plasma frequency of the free electron in the gas state. It is the 

typical electrostatic oscillation frequency for the electrons to restore their equilibrium 
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positions. By using equation 2.15 and equation 2.6, the dielectric function can be 

expressed by:  






i
p
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with the real and imaginary parts:  
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Figure 2.5: Typical electric response (a) Lorentz model for dielectric (b) Drude 
model for metals (Equation 2.8,2.9) 

The weak damping is (ω>> ), then can be simplified ε to: 
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The dielectric function in Equation 2.10 shows that the real value dominated and imply 

that the absorption of the wavelength can be neglected. For frequencies below the plasma 

frequency of p  , the dielectric permittivity becomes negative, and the metal is 
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reflecting. On the other hand, for high frequencies p   the metal will behave with 

dielectric-like properties and light can be propagated. The undamped case in Equation 

2.10 is only valid for near-infrared frequencies. For most real metals, interband transitions 

(600 nm-800 nm) also contribute to the absorption. 

 

Figure 2.6: Real and imaginary parts of dielectric constant of copper, silver, and 
gold corresponding the experimental value from Johnson and Christy (P. B. 

Johnson & Christy, 1972) 
Figures 2.6 shows the real and imaginary permittivity for three pure metal: gold, 

copper, and silver, commonly used experimental data from Johnson and Christy  (P. B. 

Johnson & Christy, 1972). In this thesis, even though gold is the best metal; the copper 

because is used not only inexpensive but its dispersion relation almost identical to gold 

as shown in Figure 2.6.  
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2.4 Maxwell’s and Wave’s Equations 

Maxwell's equations is presented which provide the fundamentals equations about the 

electromagnetic response: 

t
BE








 (Faraday’s Law)  

J
t
DH










  (Ampere’s Law)  

 D


.  (Gauss’ Law) 

0.  B


 

where is E


 the electric field (V/m), H


 is the magnetic field (A/m), D


 is the 

dielectric flux (C/m), B


is the magnetic flux density (T), J


 is the current density of free 

charges, and   is the free charge density.  

The material properties relate the fields with following equations:  

 PED


 0  

MHB


 0  

 

where is 0 the free-space dielectric permittivity, which is equal to 121085.8  F/m 

and μ0 is the free-space magnetic permeability, which is equivalent to 7104  H/m. P


 

is the polarization density field for the medium, which presented as the dipole moment 

per unit volume, and M


 is the magnetization, which is the magnetic moment per unit 

volume. 

(2.15) 

(2.16) 

(2.11) 

(2.12) 
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(2.14) 
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 In a dielectric medium, the magnetization term is negligible. Also, we consider in 

a dielectric medium which contains no free charge (𝜌 = 0) and no free currents 0J


. 

Taking the curl operator of Equation (2.11) and (2.12) and using Equation 2.15 and 2.16, 

the wave equation can be described as:  

2

2

0 t
DE









   

By using the identity from vector calculus 

EEE


2).(   

For isotropic media, note that 0.  E


 the wave equation can be written in a form of 

02

2

2
2 






t
E

c
E


 

 

where  is permittivity of the material and 
00

1


c  is the speed of light in vacuum. 

Assuming a harmonic time dependence iwterEtrE  )(),( 
, equation 2.19 will reduce to:  

02
0

2  EkE


  

where 
c

k 
0  is vacuum wave-vector. Equation 2.20 is the Helmholtz equation for the 

electric field.  

2.5 Recent Advances Plasmonic Photonic Crystal Fiber 

2.5.1 Metal-filled PCF Fabrication 

The flexibility to engineer the holey structures of PCF provides the ability to control 

its wave-guiding properties such as endlessly-single mode. Consequently, PCF has 

(2.17) 

(2.18) 

(2.19) 

(2.20) 
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enabled a variety of structures – including a metal-filled PCF with plasmonic properties 

and a lot of potential applications. Metal-filled PCF (microwire and nanowires) are 

embedded within PCF holey channel for achieving surface plasmon resonance (Li, 2017; 

Gong, 2017; Ando, 2017; Li, 2016; Wong, 2015; Zhen-Kai, 2014; Zhang, 2014; Zhang, 

2012; Zhang, 2007). 

Generally, there are two methods of producing metal-in-glass: bottom-up and top-

down approach. A small amount of literature on metal-in-glass fabrication has been 

published. The well-known bottom-up approach to produce wires in glass waveguide are 

photolithography or electron-beam lithography, solution based synthesis (Baik, Lee, & 

Moskovits, 2009; Z. Xu, Shen, Sun, & Gao, 2009), template-based electrodeposition 

(Martin, 1994; Skinner, Dwyer, & Washburn, 2006), and physical vapor deposition 

(Durkan, Schneider, & Welland, 1999). Solution-based synthesis, in particular, lends to 

the fabrication of large quantities of single crystalline and smooth surface nanowires. 

However, the technique, like most others, could not produce long lengths more than 1 cm 

of continuously conductive wires and require multiple processing stages.  

Top-down processes could solve the above challenges, although the method has not 

been widely investigated. The advantages of this method include a simple production 

method, reduce metal’s wastage, well-suited for mass production and the output of the 

single microwire can be easily isolated and thus characterized. Univ
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Figure 2.7: (a) Schematic of the rudimentary furnace used by Taylor in the first 
glass/metal drawing reported in 1924, extracted and adapted from (G. F. Taylor, 

1924) (b) 
Schematic illustration of the Taylor wire technique, extracted from (Donald, 

1987) 
Taylor (G. F. Taylor, 1924) reported a process for producing fine metal wires 

encapsulated in glass in 1924. This method subsequently patented in 1931. In the original 

method which became known as ‘Taylor-wire process’, he presented four main steps. 

Firstly, the metal was inserted into 2 mm internal diameter of the glass which sealed at 

one end. This end of the glass was heated in a gas flame until the metal melts, and the 

glass softened. Then, the end of the tube was pulled by hand to produce metal filled rod 

of 0.5 to 1.0 mm diameter with 300 mm long. Subsequently, these rods were redrawn to 

the diameter by passing through a furnace held at an appropriate and uniform temperature 

to produce a continuous wire encapsulated in the silica. A cooling device, consisting of a 

water-cooled metal cylinder is placed right below the heating furnace as an aid for 

producing a quality wire. He emphasized that the glass’ softening point, metal’s melting 

point and viscosity of both materials used must be compatible with one another. The 

Taylor-wire process approach is one of the more practical ways of producing metal-in-

glass, owing to its feasibility, inexpensive, simple and non-trivial process. It is worth 

mentioning that Taylor developed this method not specifically for optics and plasmon 

applications. The main purposed was to manufacture the metallic filaments with micro 

(a) (b) 
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dimension for resistance (Logvinenko, Mikhina, & Mende, 1984), thermocouples, and 

bolometers (Conn, 1945). This method was successfully used to produce metallic 

filaments with high tensile strength of Pb, Bi, Au, Ag, Sn, Fe, Cu, Ti, Cd, Co, Sb, Ga and 

In with a variety of glass (G. F. Taylor, 1924).  

A number of authors have reported adopting a method based around Taylor wire 

process. In (Markus A Schmidt, Sempere, Tyagi, Poulton, & Russell, 2008), work in 

pumping molten metal into the hollow channels of a photonic crystal fiber at very high 

pressure is reported. Metal core sizes of 120 nm were successfully produced but are 

limited to only a few cms in length. Jing Hou (Hou et al., 2008) presented fabrication of 

selectively metal-filled in the hollow core PCF. The author reported the fabrication of 

copper-filled PCF by modified stack-and-draw method. Jing Hou mentioned that the fiber 

size could not be reduced while maintaining the PCF structure due to the instability of 

fabrication’s processes. In 2010 (Tyagi et al., 2010), Tyagi and his colleagues developed 

a gold-filled step index fiber to study the interaction between the step-index core guided 

mode and the plasmon resonance from the gold nanowire. The method of fabrication is 

similar to Schmidt’s proposed work. The fabrication involves preparing the step index 

fiber with hollow channel placed next to the core. Then, by applying vacuum at one end 

the molten gold was filled in the hollow channel. Tyagi reported to produce 260 nm gold 

nanowire with only the length of 20 µm and separated by micrometer-gaps. One major 

drawback of this approach is that to fill the tiny holes with metal in long fiber lengths is 

extremely challenging. Also, the produced wire was not uniform and continuous. As 

presented in (Tuniz et al., 2011), the fabrication of magnetic metamaterials devices using 

fiber drawing method successfully fabricated. The technique presented allows continuous 

wire by kilometers. However, the material used in this fabrication is Poly (methyl 

methacrylate) -PMMA and indium metal. In 2014 (Percival, Vartanian, & Zhang, 2014) 

demonstrated the ultra-long platinum and gold nanowires by preparing a small part of 
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gold microwire placed in quartz, followed by pulling it using a bench-top micropipette 

laser. The nanowires inside the quartz can be easily released by removing the quartz with 

HF acid etching. However, only short length of the wire produced and the size of the 

quartz was not uniform. Different fabrication techniques for metal wires are summarized 

in Table 2.1.   
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Table 2.1: Different metal wire fabrication techniques 

Fabrication 
Technique 

Wire 
Diameter 

 

Wire Length 
 

Fabrication 
Conditions 

Reference 

Pulled by hand 
under the flame 
near to softening 
point of the glass. 
(Taylor-wire 
process) 

 

10 µm 300 mm High temperature 
at 1200 C̊ 

(G. F. Taylor, 
1924) 

High-temperature 
pressure cell 
technique 

 

120 nm Up to 40 mm High temperature 
at 1100 C̊ and 60 
bars of pressure 

(Markus A 
Schmidt et al., 
2008) 

Modified stack-and-
draw with the 
combination of 
Taylor-wire process 

 

4.2 µm 70 mm High temperature 
at 1880 C̊ 

(Hou et al., 
2008) 

High-temperature 
pressure cell 
technique 

 

260 nm 20 µm High temperature 
at 1100 C̊ and 60 
bars of pressure 

(Tyagi et al., 
2010) 

Modified stack-and-
draw with the 
combination of 
Taylor-wire process 
(using PMMA) 

 

<10 µm Up to kilometer Low temperature 
at 156.6 C̊ 

(Tuniz et al., 
2011) 

Laser pulled 10 µm 1 mm Pull using a 
bench-top 
micropipette laser 

(Percival et al., 
2014) 
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2.5.2 Design and Applications 

A considerable amount of literature has been published in designing the plasmonic 

PCF [Rifat, 2015; Liu, 2015; Liu, 2015;Khaleque, 2015;Khaleque, 2015; Jiang, 2015; 

Jiang, 2015; Heikal, 2015; Heikal, 2015; Fan, 2015; Fan, 2015; Chen, 2015; Zhen-Kai, 

2014(Bei et al., 2018; Dou, Jing, Li, Wu, & Wang, 2018a, 2018b; Paul, Sarkar, Rahman, 

& Khaleque, 2018; J. Wang et al., 2017; J. Wu, Li, Jing, Dou, & Wang, 2018; W. Zhang, 

Lou, & Wang, 2018; Zhou, Li, Cheng, & An, 2018)]. The reported proposed designs are 

classified based on their applications – biosensors, polarization filter, polarization 

splitters, and couplers. The key aspect of plasmonic PCFs is the high losses exhibited at 

a particular wavelength when the core-guided mode are strongly coupled to SPP modes. 

Thus, this interesting property invites interest and effort in developing filter and splitter 

based fiber devices and which can operate at a specific wavelength. However, most of 

the reported works did not report the fabrication process and only describe the simulation 

and numerical analysis. In this section, the designs of plasmonic PCF structures, mainly 

incorporating metal wires and their characteristics is reviewed. Figure 2.8 illustrated a 

general single core PCF with metal-filled located next to PCF’s core which works as a 

polarization filter.  
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Figure 2.8: Single core PCF with metal-filled located next to PCF’s core for 
polarization filter 

 

In (Xue et al., 2013) the author presented two designs for polarization-wavelength 

dependent filters with gold nanowires in PCF with triangular-lattice of air holes.  The 

proposed design achieves a loss of 275 dB /cm and 400 dB/cm in x- and y-polarization 

respectively. Du claimed the proposed design could filter wavelength at 1125nm, 1275 

nm, 1295 nm, and 1550 nm. Fan et. al in 2014, (Fan et al., 2015) proposed a polarization-

maintaining D-shaped PCF with a gold nanowire. The device operates at 1310 nm and 

1510 nm, with optical bandwidths of 88 and 150 nm, respectively. The alloys of silver 

and gold composition have been reported by Shi (Shi et al., 2015) in 2014. Shi developed 

the plasmonic devices which control the composition of the alloy to achieve plasmonic 

resonance particular wavelength. In contrast, PCFs with square-lattice cladding with 

metal-incorporated microwires also gives significant attention for polarization 

wavelength-dependent filtering devices. Zhang et.al (W. Zhang, Li, An, Fan, & Bao, 

2014) introduced the square lattice PCF with solid core and gold wire. Zhang reported 

that the diameter of the gold microwire and how the air holes being arranged around the 

PCF’s core would give a major effect on the characteristic of the filter. Similarly as 

reported by An, (An, Li, Yan, Yuan, & Zhang, 2016) by adjusting the size of the gold 

Core
Metal wire

Core
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microwire, the characteristics of the filter can be tuned at a different wavelength. Jiang 

et. al (L.-h. Jiang et al., 2016) aimed the ultra-short PCF with single polarization filter at 

1310 and 1500 nm wavelength. Single gold wire was filled in the holey channel next to 

the PCF’s solid core in the square lattice holey cladding. Jiang also reported a single 

polarization filter of ultra-broadband bandwidth by injecting liquid crystal core in a 

hollow channel and incorporates a single gold wire next to the core. The numerical results 

told us that the said design was capable to obtain ultra-high extinction ratio with 850 nm 

width for the broadband single polarization applications. Heikal in (Heikal, Hussain, 

Hameed, & Obayya, 2015) investigated a polarization filter based on an elliptical core 

with spiral structure and incorporating gold wires into one of the air-holes. The study 

found that the coupling between the core-guided mode and SPP mode can be altered by 

varying the parameters of the PCF’s structure and the number of gold wires thus the 

device able to filter at different wavelength. Recently, more literature with different 

structures have been reported (Bei et al., 2018; Dou et al., 2018a, 2018b; Lou, Cheng, & 

Li, 2018; Junjun Wu, Li, Dou, & Liu, 2017). The performances of the polarization filters 

wavelength-dependent based on metal-filled PCF are summarized in Table 2.  
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Table 2.2: Different PCF design for the polarization filter wavelength-
dependent based on metal-filled PCF 

PCF 
design 

Metal  Loss for x-
polarization 
(dB/cm) 

Loss for y-
polarization 
(dB/cm) 

Operating 
wavelength 
(nm) 

References Design 

Solid core 
PCF with 
triangular 
lattice 
PCF 

Gold 
layer 

275 400 1125, 
1275,1295,1550 

(Xue et al., 
2013) 

 
Solid core 
triangular 
lattice 
PCF 

Gold/Silver 
alloy wires 

24.42 309.14 1100 (Shi et al., 
2015; W. 
Zhang et 
al., 2014) 

 
Solid core 
rhombus 
lattice 
PCF 

Gold wires 279.1,399.18 7.89,10.2 1020,1550 (W. Zhang 
et al., 
2014) 

 
Spiral 
PCF with 
elliptic 
core 

Gold 
wire 

80.14 63.23 1183 (Heikal et 
al., 2015) 

 
D-shaped 
triangular 
lattice 
PCF 

Gold 
wire 

4, 4.6 208.4,249.5 1310,1550 (Fan et al., 
2015) 

 

Solid core 
square 
lattice 
PCF 

Gold 
wires 

231.6 237.9 1310,1550 (An et al., 
2016) 

 
Solid core 
rhombus 
lattice 
PCF 

Gold 
layer 

9.41 
214.31 

373.9 
3.88 

1310 
1550 

(L.-h. Jiang 
et al., 
2016) 

 
Solid core 
PCF with 
triangular 
lattice 
PCF 

Gold 
layer 

- 803.56 
732.69 

1550 
1480 

(Junjun 
Wu et al., 
2017) 

 
Solid core 
PCF with 
triangular 
lattice 
PCF 

Gold 
layer 

- 2318.24 1.26-1.55 (W. Zhang 
et al., 
2018) 

 

Gold layer

Water

Alloy wire

Gold wire

Gold wire

Gold wire

Gold wire

Gold layer

Gold 
layer

Gold 
layer
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Elliptical 
PCF 

Gold 
wire 

1.5 333.84 1.55 (J. Wu et 
al., 2018) 

 
Solid core 
PCF with 
octagonal 
lattice 

Gold 
layer 

729.47 542.78 1.31 
1.55 

(Lou et al., 
2018) 

 
  

Gold 
wire

Gold 
layer
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Figure 2.9: Dual-core PCF with metal-filled located between the PCF’s cores for 
polarization splitter 

Besides polarization filtering devices, polarization splitting could be achieved with 

dual-core PCFs and metal-filled wire located between the cores as depicted in Figure 2.9. 

The polarization splitting characteristics utilize the difference in resonance coupling of 

odd and even supermodes, high polarization and high birefringence dependence in 

transmission (Fan, Li, Liu, Chen, & Wang, 2016; L.-h. Jiang et al., 2016; P. Li & Zhao, 

2013; Q. Liu et al., 2015; Lu, Lou, & Wang, 2013; Shi et al., 2015; Sun, Chen, Zhang, & 

Zhou, 2015; Sun, Chen, Zhou, & Zhang, 2013; S. Zhang et al., 2012). As in dual-core 

PCFs, the extinction ratio between each output fiber core can be specified as the ratio of 

undesired power and the desired power of polarization. Zhang et. al (S. Zhang et al., 

2012) proposed dual-core PCF with triangular lattice arrangement with silver-coated and 

silver wire which placed between the dual core. The author introduced the supermode and 

coupled mode theory to investigate the enhancement of the power transfer between each 

fiber core. The presence of the plasmonic material between the dual cores would give a 

difference in resonant wavelength at the phase matching condition. Zhang claimed that 

the proposed design could achieve a coupling ratio of up to -30.5 dB. Similarly, Li et. al. 

(P. Li & Zhao, 2013) presented the difference in confinement loss, resonance coupling, 

dispersion for odd and even supermodes in dual-core PCF with gold-nanowires in 

Metal wire

Core BCore A
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between both cores. The author proved that two orthogonally polarized light can be split 

exactly at 1330 nm. The light input in one core was only x-polarized and the other core 

was only y-polarized after a certain propagation length. The extinction ratio of the 

orthogonal polarization in each core was about -40 dB. In (Sun et al., 2013), the 

polarization splitter of 63 mm length was proved by using silver wire-filled in dual-core 

PCF. The PCF’s coupling length ratio of x- and y- polarized showed the two orthogonal 

polarizations of a factor two. They also claimed that the bandwidth of the proposed 

splitter was over a 146 nm wavelength range with an extinction ratio below -20 dB. Two 

years later, Sun (Sun et al., 2015) improved the design by obtaining a shorter fiber length 

with a broader bandwidth. Khaleque et. al (Khaleque, Mironov, & Hattori, 2015) 

proposed the polarization splitter with PCF structures of high-birefringence with two gold 

wires filled in the cladding for wide broadband PCF splitters. Dual-core PCF with 

triangular lattice arrangement comprised an elliptical gold in the centre of PCF for 

polarization splitting at 1310 nm and 1550 nm in (Fan et al., 2016). In contrast, a dual-

core square-lattice cladding PCF used a gold wire in the center was demonstrated by (Dou 

et al., 2018a; L. Jiang, Zheng, Hou, Zheng, Jiying, et al., 2015). The proposed design 

presented ultra-broadband polarization splitters at 1550 nm wavelength with an extinction 

ratio of -78.2 dB better than -20 dB and bandwidth of 430 nm. Table 3 summarizes the 

performance of the polarization splitters utilizing metal-filled dual-core PCF. 
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Table 2.3: Polarization splitters using different types of metal wires 

Metal/
Mate-
rial 

Length 
(mm) 

Extinction 
Ratio-A 
(dB) 

Extinction 
Ratio-B 
(dB) 

Operating 
Wavelength 
(nm) 

Bandwidth 
below -20 dB 
(nm) 

Reference
s 

Design 

Silver - -30.54 - 1550 - (S. Zhang 
et al., 
2012) 

 
Gold 0.5942 -40 -40 1310 - (P. Li & 

Zhao, 
2013) 

 
Silver 63 -39.4 -35.2 1550 x-pol:1441-

1587 
(146 nm) 
 
y-pol:1430-
1605 
(175 nm) 

(Sun et 
al., 2013) 

 

Silver 0.5775 -34 -42 1596 x-pol:1439-
1689 
(250 nm) 
 
y-pol:1421-
1700 
(279 nm) 

(Sun et 
al., 2015) 

 

Gold 4.036 -78.2 - 1550 1250-1680 
(430 nm) 
 

(L. Jiang, 
Zheng, 
Hou, 
Zheng, 
Jiying, et 
al., 2015).  

Gold 
 
 

0.117 -100 - 1550 x-pol: 1250-
1710 
(460 nm) 

(Khaleque 
et al., 
2015) 

 
Gold 
 
 

2.937 -70 - 1310 x-pol: 1290-
1380 
(90 nm) 

(Fan et al., 
2016) 

 
Tellu-
rite 

0.51 -20 - 1550 1461-1745 
(284 nm) 

(Q. Liu, 
Li, Gao, 
& Feng, 
2017) 

 
Mag-
netic 
Fluid 

8.13 -100 - 1550 - (J. Wang 
et al., 
2017) 

 

Metal wire

A B

Gold wire

A B

Gold wire

A B

Gold wire

A B

Gold wire
A B

Gold wireA B

Gold wire

A B

Tellurite 

A B

Magnetic fluid

A B

Univ
ers

ity
 of

 M
ala

ya



32 

Air-
filling 

0.103 -73 -45 1550 1458-1635 
(177 nm) 

(Dou et 
al., 2018a) 

 
Gold 0.290 -56.5 - 1550 1540-1599.2 

(19.2 nm) 
(Q. Xu, 
Zhao, Xia, 
Lin, & 
Zhang, 
2018) 

 
2.6 Summary 

An overview of metal-filled PCF has been presented covering the PCF’s key 

parameter, optical properties of metal and recent advances in metal-filled PCF in 

fabrication technique and application. Metal-filled PCF has potential applications in 

passive optical devices such as polarization filter and splitter which is important in 

integrated optics. Most literature was only based on numerical study and analysis. Thus, 

in this work, we will design, fabricate and characterize the metal-filled PCF.  

In the following chapter, fabrication of copper-core cane and fiber will be presented. 

A technique which was based around the Taylor wire’s process is adopted by utilizing 

the fiber drawing tower facilities in the Faculty of Engineering, University of Malaya. 

Following from this, the copper-cane is used to fabricate copper-filled photonic crystal 

fiber.   

 

Gold wire
A

B
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CHAPTER 3: COPPER-IN-GLASS FABRICATION METHODS  

3.1 Introduction 

This chapter concerns the details of fabrication method of copper-in-glass. We 

fabricated the metal-dielectric waveguide via a standard optical fiber drawing approach. 

This method opens the possibility of nano-sized copper wires encapsulated in silica. We 

introduce the fabrication facilities for fiber drawing which are available in the University 

of Malaya. Then, we discuss the general process for fabrication of the optical fiber – pre-

, during and post-fabrication process. The following section will briefly discuss the 

fabrication process of copper-core optical fiber, which is the main component in 

fabricating the copper-filled photonic crystal fiber. We tested the fabricated copper-core 

optical fiber in terms of its electrical continuity and conductivity. 

3.2 Fabrication Facilities 

This section introduces the fabrication facilities for fiber drawing at the University of 

Malaya. The facilities are operated by Integrated Lightwave Research Group (ILRG). The 

5 metres fiber drawing tower is located in Faculty of Engineering. The furnace heating 

capability is up to 2700 ̊ C. The fiber tower includes a high-precision motorized chuck, 

vacuum/pressure system, pyrometer, preform feeder, coating unit, fusion ultra-violet 

curing system, laser diameter gauge, capstan wheels with built-in tension monitor, cane 

puller, drum winder, dancers/tensioners, and furnace chiller. Figure 3.1 and Figure 3.2 

depict the schematic diagram and images of the fiber drawing tower, respectively.  

The furnace is vacuumed and purged with argon gas before fiber drawing to eliminate 

impurities and prevent oxidization of the furnace elements. Argon gas is set to flow 

continuously after purging to create a low oxygen environment in the furnace. 

Subsequently, a fiber preform is fixed firmly at the high precision motorized chuck, which  
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Figure 3.1: Schematic of Fiber Draw Tower in University of Malaya 
is capable of feeding preform into the furnace at the rate of 0.2-20 mm/min with 0.1 

mm/min resolution.  
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FurnaceHot zone
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Figure 3.2: (a) Top-floor elements (b) Ground floor elements 
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3.3 General Fabrication Process 

 

Figure 3.3: (a) Preform’s drop passing through the bottom iris. (b) Round heat 
illumination appears from the bottom iris. (c) Cutting at the neck-down of the 

preform. 
The furnace’s top iris are opened and the fiber preform is lowered slowly until it gets 

to the same degree as the furnace’s top opening. Transverse x-y position of the preform 

is adjusted to the middle of the furnace bore. Then, the vertical position of the preform is 

reset and the preform is loaded into the furnace for a distance of approximately 155 mm. 

The vertical position of the heat zone from the furnace top entry is 125 mm. Thus, the 

preform drop (Figure 3.3 (a)) will be approximately 35 millimeters in length. When the 

preform is in position, the furnace temperature is set to ramp up gradually from room 

temperature to the silica melting point, 2100 °C. About 10 minutes is required for the 

furnace to reach the melting point. The furnace temperature is read by a pyrometer 

installed at the furnace’s heat zone, which has a temperature range of 350-2500 °C with 

1 °C resolution.  

At melting point, the segment of the fiber preform of the heat zone develops a neck-

down profile and sets about to sink. The preform drop generates gravitational force that 

elongates the fiber preform, resulting in a long section which is greatly reduced in 

diameter. Depending on the mass per unit length of the preform, the time taken for the 

preform drop to exit the furnace’s bottom opening may vary from 10 to 15 minutes. 

(a) (b) (c)

Preform 
drop

Cut 
section

Round heat 
illumination Metal 

container

(a) (b) (c) 
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Assuming the same lengths of preform drops, those with larger mass per unit length will 

require more time for heat absorption before melting. Yet, the extended time is 

compensated by the large mass per unit length of the drop from the same preform which 

induces greater gravitational force and in turn precipitate the drop process. As the 

preform’s drop starts to fall, the round heat illumination through the small opening of 

bottom iris will expand in diameter as shown in Figure 3.3 (b). By noticing this indication, 

the bottom iris must be opened immediately to let the preform drop pass through. The 

preform drop is then collected in a metal-container and cut at the neck-down section as 

depicted in Figure 3.3 (c). 

The cut section is pulled gently by hand to reach the cane pullers. Alternatively, a 

small weight could be attached to the end of the cut section to give a constant and slow 

pulling speed as shown in Figure 3.4 (a). The cane pullers are set to clamp as the cut 

section reaches their central position. Subsequently, micro-screw controlling the spacing 

between the cane pullers are adjusted carefully to give a gentle grip to the cane, followed 

by starting the feeding and drawing speed simultaneously. If the preform is a cane, 

feeding speed should begin directly after cutting preform drop to prevent breaking of fiber 

within the furnace, which goes to unnecessary wastage of another preform drop. Feed 

rate and draw speed are set according to the simplified mass conservation equation to 

obtain approximate final sizes. 
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Figure 3.4: (a) Attaching a small weight to pull the fibers at a constant rate (b) 
Applying speed after the fiber reached the clamp (c) the clamp (cane pullers) 

which controls speed (d) laser diameter gauge (e) coating cup. 
The size of fiber/cane is measured in-line by a laser diameter gauge (Zumbach USYS 

2100, ODAC18XY), as depicted in Figure 3.4 (d) which can read diameter in the range 

of 0.08-18.00 mm with resolution of 0.1 μm. A coating cup with split die as shown in 

Figure 3.4 (e) of 375 μm diameter orifice is used, together with the fusion UV curing 

system. The UV lamp power is controlled automatically with respect to the draw speed.  

For optical fiber pulling, the fiber size is first adjusted to reach around the intended 

size by using the cane pullers as shown in Figure 3.5 (a), followed by winding the fiber 

according to the predefined route starting from the tension meter, then to the capstan 

wheels (Figure 3.5 (b)), dancers (Figure 3.5 (c)) and finally to the drum winder (Figure 

3.4 d). After winding is completed, cane pullers are unclamped and capstan wheel is set 

to turn at the specified draw speed. As the size of fiber stabilizes at the intended diameter, 

acrylate coating could be applied to the fiber.  

(a) (b) (c)

(a) (b) (c) 

(d) (e) 
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Figure 3.5: (a) Cane pullers (b) Capstan wheel and tension meter (c) 
Tensioner/Dancers (d) Drum winder 

Further details on optical fiber fabrication are outlined in (Izawa & Sudo, 1987; T. Li, 

2012). Here, some additional practical aspects pertaining to fiber fabrication in UM are 

discussed. The fiber drawing facilities are installed in a cleanroom environment. 

Humidity and room temperature are set at 50 Rh% and 24 °C respectively. In the event 

where preform vacuum or pressurization is needed, a custom-made preform mount is 

used to facilitate airtight gas transport between the vacuum/pressurization outlet pipes 

and preform tube. The preform mount was made from brass and was designed to fit the 

preform size, the inner structure consists of a hollow shaft with top and side openings. 

The weight of preform mounts alone could ensure airtight contact with the preform tube. 

No rubber contact is used in preform to mount as the thermoplastic behavior of rubber 

(c) 

(d) 

(a) (b) 
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prevents it to withstand high temperature. Throughout the whole process, both the top 

and bottom irises should be closed to avoid oxidation of the furnace’s element. Due to 

the absence of an automatic temperature ramping feature between two intermediate 

temperatures, manual change of temperature of more than 200 °C should be done in a 

gradual manner (less than 50 °C per step) as any sudden and large shift of temperature 

may shorten the lifetime of the heating element. In order to avoid breaking of fiber at the 

beginning of pulling, the draw speed should start from 1 m/min and increase slowly 

towards the intended speed. The laser diameter gauge is set to display the fiber’s x and y 

axis diameter and its ovality. In fabricating PCFs, ovality is a central indicator of the 

structural deformation.  

In the event of drawing preform with the small diameter of less than 5 mm, the preform 

should be extended out of the bottom iris as the small preform weight will result in long 

waiting time for a drop. In this case, when the temperature reaches the softening point, 

the drop should be pulled down manually by hand. Using a dicing pen or ceramic cutter, 

short fiber samples are cut for every few meters of fiber length and viewed under the 

microscope to ensure their quality. The fiber is then inserted through the coating cup and 

fusion UV curing system before coating. At the same time, the fusion UV curing system 

is set to standby mode.  

When the fiber size stabilizes, the drawing force is changed from cane pullers to 

capstan wheels. This process requires the presence of two operators, one person manually 

directs the fiber leading end to capstan wheels while another person unclamps the cane 

pullers and starts the capstan wheels simultaneously from the main control cabinet. 

Subsequently, the two split dies are attached to the coating cup slowly, the grove on split 

dies are aligned carefully to the moving fiber and tightened gently. Automatic transverse 

x-y alignment is activated to ensure fiber passes through the exact center position of the 
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coating cup, preventing fiber fracture due to scratching with split dies. The coating 

material used in this work is acrylate, the solution is heated up in a water bath at 50 °C 

for eight hours before coating. Depending on the amount needed, some solution is poured 

into the coating cup and the fusion UV curing system is set to operate immediately.  

Fiber tension is monitored continuously throughout the whole process. When tension 

increases over 50 g, one should increase furnace temperature or reduce draw speed to 

avoid breaking of fiber. The fabricated fiber is then spooled to a polystyrene drum using 

a drum winder, initially in test band for quality checking before proceeding to the main 

band. For each fiber pulling session of two hours, at least 100 bar pressure of argon gas 

is needed. Nitrogen gas is used only in machine pneumatic movements and coating 

process, thus about 60 bar pressure is enough for a pulling session. After fabrication, the 

temperature of furnace is set to ramp down. To protect the furnace heating element from 

oxidation, only after the gas valve of furnace turns off automatically, the gas supply, main 

control cabinet, and the other equipment could be shut down accordingly.  
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Figure 3.6: Flow diagrams of the general fabrication process 

3.4 Fabrication of Copper-Core Optical Fiber 

Fabrication of high purity, precise dimensions, and ultra-clean interaction surfaces 

remains non-trivial in ensuring high repeatability (Hameed, Alrayk, Shaalan, El Deeb, & 

Obayya, 2016; W. Li, Ren, & Zhou, 2016; Liang et al., 2016). The ability to launch light 

into a surface plasmon structure without the use of prisms is an added advantage. Also, 

eliminating the use of free space optics in collecting plasmon chip outputs would lead to 

miniaturized modules, reducing the barrier to technological adoption. To this end, 

performing the plasmon process within a fiber structure is attractive as the approach lends 

to all the advantages mentioned above. This places the need to fabricate micron, or nano-

sized metal wires – simply referred to here as nanowires – within an optical fiber 

structure.  

• Gas system

• Air Conditioning System

• Chiller and Cooling System

• Main Power Supply

• Pressurization & Vacuum Pumps

• Furnace 

• Main Control Cabinet and Tower Initialization

Pre-Fabrication

During-Fabrication
• Mount the glass preform
• Set the temperature for pulling
• Feed the preform into the furnace and locate in the 

hot zone
• Wait for the preform to develop a neck-down region 

and starts to drop. 
• Cut the preform’s drop and pull to the cane pullers.
• Apply drawing speed and feed by following the 

simplified mass conservation equation
• Apply  acrylate coating and UV curing system
• Collect the fiber on the spool

• Take out the preform from the furnace and close the irises

• Turn off the furnace

• Tape the fibre on the spool

• Cut the fibre after the tape

• Switch off the UV Owen exhaust fan

• Clean the coating cup

• Turn off the chiller and gas

Post-Fabrication
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 The fabrication procedure involves the preparation of a quartz capillary. The 

quartz capillary (inner diameter: 10mm and outer diameter: 28mm) are cleaned by using 

isopropyl alcohol to eliminate dirt. We use pure copper powder with a particle size of 

<63µm. We prepared another quartz capillary for jacketing purpose (inner diameter: 

3.5mm and outer diameter: 10mm) so that it can be inserted into the main capillary. With 

jacketed capillary, we could avoid the diffusion of molten copper into the glass wall 

which can lead the glass to break during the drawing process.  

 In producing these copper microwires via a standard fiber drawing method, we 

took three following key steps as schematically illustrated in Figure 3.7. Filling a few cm 

of a one-end-sealed glass tube (large diameter and wall-thickness) with copper bar and 

melt the copper inside the tube Figure 3.7(a). Due to relatively large air hole size in the 

tube, the molten copper can easily fill up the bottom of the tube and fill all spaces. 

The copper-filled tube is first drawn into cane shape using first stage drawing as 

shown in Figure 3.7 (b). Due to the surface tension, the copper inside the output cane will 

become segmented with tens of cm continuous lengths and short gaps in between along 

the cane. Finally, by re-drawing one segment of the cane with continuous copper as 

shown in Figure 3.7 (b), the copper-core fiber can be fabricated up to several meters of 

micron-size fiber with continuous copper. The fabrication started by jacketing a quartz 

capillary measuring 3.5/9.8 mm inner to outer diameters were jacketed with another 

10/28.8 mm tube using the furnace in drawing tower.  Univ
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Figure 3.7: Copper-core optical fiber fabrication hierarchy, (a) bulk size tube 
glass with short-length copper-filled and melted inside, (b) copper-core cane 
fabricated from the preform in (a), and (c) output copper-core optical fiber. 
 

This is performed by pressurizing the inner capillary where sealed from the bottom side 

and pressurized from the top by applying a pressure of around 75 kPa while the whole 

preform swept in the furnace’s hot zone with a speed of 100 mm/min at a temperature of 

around 2100 °C. Next, around 10-15 cm length of the jacketed capillary was filled with 

copper powder. 

The copper inside the capillary is then melted using the furnace in the drawing tower 

by sweeping it over the furnace hot zone area with a speed of 100 mm/min at temperature 

of around 1800 °C, while a piece of copper wire of 2 mm, also serves as a medium, was 

used to push and compact the copper powder in the said capillary. This copper rod is 

etched with dilute sulphuric acid to remove excess oxide. The resulting copper filled 

preform was then drawn into a cane measuring 3.5 mm in diameter. We used the simple 

conservation of mass equation to determine fiber pulling parameters such as preform feed 

and tractor feed rates which is summarized in Equation 3.1. 

Glass Tube

Sealed end

Continuous 
Copper

Small air gap

Continuous 
Copper-core 
Optical Fiber

Copper

(a) 
(b) 

(c) 
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Figure 3.8: The longitudinal view of copper-cane showing (a) discontinuity of 
copper formed in the glass capillary without applying pressure with a copper 

rod. (b) The perfect continuous copper formed in the glass capillary. 
 

df VAVA 21   

Where A1 and A2 are the cross-sectional areas of preform and cane, while Vf  and Vd are the feeding 

and drawing speeds, respectively. 

The draw temperature was set to 2100 C and feed rate and draw speeds were 14.5 

mm/min and 1 m/min, respectively. Canes measuring up to 50 cm lengths with continuous 

copper layer were produced with no presence of discontinuity and bubbles. This is 

depicted in Figure 3.8(b). The image of fabricated copper-cane is depicted in Figure 3.9. 

5 cm

Glass

Copper

Glass

Copper

Glass

Copper

(3.1) 

(a) 

(b) 

Univ
ers

ity
 of

 M
ala

ya



46 

 

Figure 3.9: Images of cane size, copper-in-glass capillary 

 The short length of the cane necessitates the use of quartz handles/extensions to 

be attached to both ends of the cane to allow pulling into a fiber format as depicted in 

Figure 3.10 (b). The said handle/extensions are fused by oxygen-butane flame. We used 

2.8 mm/min for the preform feed rate, 1.5 m/min for drawing speed at a temperature of 

1930 °C. Hundreds of meters of copper core fiber were produced with dimensions 

measuring 22.9 µm copper core diameter, and an outer fiber diameter of 170 µm, as 

shown in Figure 3.11(a). 

 

Figure 3.10: (a) Oxygen-butane flame to fuse handle and load (b) an extension 
of the copper cane.  

 

(a) (b) 

Handle 

Load 

Copper-
cane 
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Figure 3.11: (a) SEM images for copper core optical fiber. The dimension of the 
fiber with 170µm cladding and 22.9 µm copper core (b) Fabricated copper-core 

optical fiber with more than 6 m continuous copper-in-glass, the longest 
reported so far. 

 

3.5 Result and Discussions 

 

Figure 3.12: Conductivity and continuity test for copper-core optical fiber 

Simple conductivity test was used to test the continuity of the copper-core fiber as 

illustrated in Figure 3.12. First, a small part of the glass is removed to expose the copper 

by using ceramic scribe. Then salt water is used to increase the surface contact of the 

copper wire. 60 samples of copper-core optical fiber ranging from 2 cm to 600 cm were 

(a) (b)

Salt water and 
aluminium foil
To connect the tip of the 
fiber to the circuit

Copper-core fiber
Ranging from 2cm – 600 
cm
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prepared to be tested its conductivity. Resistivity experiment and I-V characteristic were 

obtained to verify the continuity of copper-core optical fiber. The resistivity experiments 

is also conducted by varying the length from 50 cm to 600 cm and measure their resistance 

by connecting the exposed copper wire to a multimeter. For both experiments, we 

performed repeat measurements on multiple sets of identical fiber structure and as such, 

uncertainties with regards to these calculations are shown in the error bar1 on the 

measured result.  

The result shows that the resistance increases proportionally to fiber length. 

Interestingly, we successfully measured up to 600 cm of continuous copper fiber. The 

resistivity of each copper fiber sample is determined using equation 3.2. 

A
lR 

  

Where R is the resistance of the measured copper fiber, ρ is the resistivity, l is the 

length of the fabricated copper fiber and A is the cross-sectional area. From the Figure 

3.13, by assuming the cross-sectional area of the fiber is circular, the resistivity of the 

fabricated copper fiber is 1.84 x 10-8 Ωm. This value is close to the bulk resistivity valued 

of the copper metal at room temperature, which is 1.68 x 10-8 Ωm. 

(3.2) 

Univ
ers

ity
 of

 M
ala

ya



49 

 

Figure 3.13: Resistance of each length of copper fiber 
 
 

The I-V characteristic experiment is conducted to verify the resistance value of the 

copper fiber. We choose 30 cm, 80 cm and 110 cm length of the sample to be tested and 

connect the circuit as shown in Figure 3. 14. We could not have a longer sample since the 

value of the current obtained would be too small. The linear graph of the I-V 

characteristics of the copper fiber of 30 cm, 80 cm, and 110 cm is presented in Figure 

3.13. The connection of the sample are connected in series and voltage is adjusted by 

using a rheostat and the circuit diagram is shown in the inset of Figure 3.14. The resistance 

of the single copper fiber is determined by the slopes of the lines. The 30 cm, 80 cm and 

110 cm copper fiber showed a total resistance of 19.5 Ω, 56.5 Ω and 70.9 Ω respectively, 

which close to the resistance of the measured copper fiber in Figure 3.141. 

                                                 

1_______________ 
The error bars represent the standard deviation,  of the data collected given by 





1

2/12 ])()/1[(
i

i xxN , where N is the number of measurements made, x is the mean value of 

the measured data and i=1…N. 
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Figure 3.14: The I-V linear graphs for 30 cm, 80 cm, and 110 cm to evaluate the 
resistance of the sample. Inset is the circuit diagram of conductivity tests. 

 

3.6 Summary 

In this chapter, we demonstrated the successful fabrication of a long and continuous 

copper-core optical fiber. The fabrication method allows the production of small-scale 

copper wire encapsulated in silica as an alternative for planar substrate plasmon 

waveguide and also as optic-electric simultaneous transmission. Copper has a low 

melting temperature (1081 ̊C) than the silica’s softening point (1900  ̊C). The temperature 

mismatch and surface tension that occur between the melted copper and the glass 

capillary resulted in copper globules which leads towards metal 

discontinuity/segmentation. Furthermore, this globules will diffuse into the glass 

capillary and it will cause the glass to crack and easy to break while the first stage 

drawing. This problem was circumvented by: 
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 Jacketing the capillary, resulting in thicker wall glass capillary to avoid 

diffusion and, 

 Feeding the molten-copper by copper rod to fill the empty spaces after 

the copper starts to melt.  

In conclusion, a new technique to fabricate a long and continuous copper-core optical 

fiber via a top-down approach have been demonstrated. The results showed that the fiber 

can be pulled up to 170 µm with 22.9 µm copper as a core. The continuity of the fabricated 

copper is tested by electrical measurements. The results proved that the copper was 

continuous up to 600 cm long. The resistivity value of the copper fiber was close to the 

bulk resistivity value of copper with 9.5% different percentage. This method can be 

successfully applied with a different metal such as gold or silver and it can be repeated to 

produce nanowire would be very useful in optical and electric application such as 

biosensor, nanowire laser, optical passive devices and metamaterial devices. At this point, 

knowledge we gained in this fabrication technique will be useful to fabricate copper-filled 

PCF which will be discussed in next chapter. 
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CHAPTER 4: COPPER-FILLED PHOTONIC CRYSTAL FIBER FOR 

POLARIZATION FILTER 

Passive optical device such as filters, splitters, and couplers are crucial in optical 

communications. In this chapter, we design a wavelength-dependent polarization filter 

based on copper-filled photonic crystal fiber. The fabricated polarization filter is 

numerically analyzed and experimentally characterized to study its properties.  

4.1 Couple-mode theory of metal-filled PCF. 

In metal-filled PCFs, the light propagated in the fiber core eventually couple to the 

SPPs wave if the distance between the fiber core and metal is close enough. We could 

understand the coupling theory by viewing the metal-filled PCF as a directional coupler, 

which the PCF acting as a waveguide for core guided mode, and metal as a waveguide 

for SPPs mode. The new mode will evolve from the coupling of core-guided mode and 

SPP mode when the phase matching condition is satisfied. This condition will cause a 

high confinement loss as the energy from the core is absorbed by the surface of the metal. 

The coupled mode theory introduced by (Z. Zhang, Shi, Bian, & Lu, 2008) can further 

explain this phenomenon. When the coupling happens, the core-guided and SPP mode 

equations are given by: 

SPPcorecore
core EiEi

dz
dE

   

coreSPPSPP
SPP EiEi

dz
dE

   

where core  and SPP  are the propagation constants of core-guided and SPP mode, 

respectively. coreE  and SPPE are the mode fields of core-guided and SPP mode, 

respectively.  and z are the coupling strength and the propagation length, respectively. 

(4.1) 

(4.2) 
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coreE  and SPPE can be described by )exp( ziPEcore  and )exp( ziQESPP  and  is 

the propagation constant of the coupling mode. We substitute into eqs 4.1 and 4.2, thus  

0)(  QPcore   

0)(  QPSPP   

This equation can be represented as 2 X 2 matrix as follows: 
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and by solving the determinant of 0
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, the propagation constant 

of coupling mode  can be simplified as: 

22   ave  

where 
2

sppcore
ave





 , and 

2
sppcore 




 . 

Both core-guided and SPP modes are leaky modes, as their real parts of effective 

refractive index are lower than the background material (silica). Generally, for leaky 

modes, core  and SPP  are complex. Therefore,  can be represented by ir i  . 

Moreover, the real parts of propagation constants of core-guided and SPP modes are equal 

( 0r ) when the phase matching condition is satisfied. Therefore, we can derive that 

2222   i . When  i  the real parts for both  and  are different but 

have equal imaginary parts. This condition is called complete couplings. Meanwhile, 

when  i , the real parts are equal but the imaginary parts are different. This condition 

(4.3) 

(4.4) 

(4.5) 

(4.6) 
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is called incomplete couplings. From the above discussion, since the coupling strength, 

  is high, we assume the complete coupling of the core-guided mode of PCF and the 

SPP mode from the metal. The high value  can be obtained by placing the metal and 

core close enough. The transmission characteristics for metal-filled PCF is strongly 

dependent on wavelength due to the coupling mechanism which only occurs at particular 

phase-matching wavelength also referred to as the resonant condition.  

4.2 Design and Fabrication Process 

Standard conventional fiber is normally with 125 µm in diameter and it is therefore 

advantageous for PCF to be fabricated to the same diameter for ease of cleaving and 

connecting to standard equipment. As the available silica tubes have a limited range of 

internal and outer diameters (IDs and ODs), the number of periods and wall thickness of 

the silica jacket must be appropriately selected for the final fiber diameter to reach ~125 

µm without compromising the desired wave-guiding characteristics. Additionally, the ID 

to OD ratio of the capillaries must be chosen to closely match the air-hole diameter to 

pitch ratio (d/Λ) of the final structure while allowing for the slight collapse of the holes 

that will occur when the glass is passed through the furnace. The drawn capillaries must 

be closed at one end to retain the air-hole structure from completely collapsed.  
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Figure 4.1: 3D-sketch and the cross-section of the design copper-filled PCF 

Figure 4.1 depicts the proposed design for polarization filter based on copper-filled 

PCF. The copper wire is placed next to the solid core by removing one air hole. We design 

the PCF with six rings which can help to reduce leaky modes and propagation loss. PCFs 

has been successfully fabricated by a number of techniques include stack-and-draw 

(Knight, 1996), extrusion (Ravi Kanth Kumar, 2002) and sol-gel casting. Throughout this 

thesis, the fabrication of copper-filled PCF undergoes the traditional stack-and-draw 

technique, which offers clean, relatively fast, low-cost and flexible processes compared 

to extrusion and the sol-gel casting method (Knight, 1996). Usually, fabrication of PCF 

is divided into two stages: preform-to-cane fabrication and cane-to-fiber drawing due to 

the stability of the fabrication processes. The stack-and-draw technique begins with 

fabricating capillaries of required sizes with specific ID and OD. The capillaries of ~1.34 

mm are drawn from commercially available preform tubes with an outer diameter of 25 

mm and 17.5 mm inner diameter. A silica rod with same size also drawn from a rod 

preform as PCF’s core. The copper cane was earlier prepared (discussed in Chapter 3) 

with 1/1.34 mm ID/OD before the stacking process. The preform construction in the 

dcore dc

da

Λ

y
x
z

Univ
ers

ity
 of

 M
ala

ya



56 

stack-and-draw technique consists of building up a stack of the same length of silica glass 

capillaries, silica rod, and a copper-cane, into triangular lattice using custom-made jigs. 

Capillaries are placed one row at a time. The solid core is placed in the center with copper-

cane next to it. The process to draw fiber, canes, or preform is very similar and briefly 

discussed in the following subsection. 

4.2.1 Capillaries Fabrication 

Capillaries are the basic elements to build PCF preform produced by stacking method. 

To ensure a good structural uniformity of fabricated PCFs, quality of capillaries must be 

given a good attention as to produce less brittle PCF and avoid optical attenuation that 

arises from impurities. Capillaries for stacking are fabricated from high-grade silica 

preform tubes (Hareus Suprasil F300), drawn to nominal outer diameter of 1.34 mm. 

Smaller capillary sizes will result in the difficulty of keeping individual capillary in its 

respective lattice position during stacking process due to the presence of electrostatic. On 

the other hand, larger capillary diameters will lead to lesser rings of air holes which will 

increase the confinement loss. To control the size of capillary, preform feeding rate and 

tractor drawing speed are set according to the simplified mass conservation as introduced 

in Equation 3.1. It should be noted that this mathematical relation provides only a rough 

estimation of the capillary diameter. Careful adjustments of drawing speed and 

temperature are important to achieve the intended size.  

The temperature of furnace is maintained between silica softening points, around 1950 

°C to 2050°C. High-temperature increases the surface tension of silica and therefore 

reduces the ID/OD ratio, while the process does not follow the mass conservation 

equation. The outer diameter of the capillary is measured real-time using a laser diameter 

gauge.  
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4.2.2 Stacking Copper-Filled PCF’s preform 

Proper stacking is important to form the periodic cladding of PCF. Fabricated 

capillaries are cleaned and cut into ~40 cm lengths. The capillaries must be cleaned as 

contaminants such as dust and fingerprint will increase PCF scattering loss and also 

reduce mechanical strength. Dust residue inside the PCF preform will burn in high 

temperature and diffuse into the glass matrix which causes more losses and fragilities. 

Capillary surface is cleaned using iso-propyl alcohol while the inner wall of the capillaries 

is cleaned by ultrasonic bath. Single end of the capillaries is sealed by high-temperature 

butane-oxygen fuel hand-torch, to create high pressure inside the capillaries using fiber 

drawing which could prevent PCF holes from collapsing. We used a copper-cane with 

size of 1/1.34 mm which described in Chapter 3.  

Custom-made hexagonal jigs are used as a template to stack capillaries into triangular 

lattice arrangement. Stacking is done with all sealed ends facing in one direction. By using 

the hexagonal jigs, capillaries are initially stacked in a suitable jacketing tube which is 

usually shorter than the capillaries for easy-handling. Voids at the six hexagonal sides are 

filled tightly (as shown in Figure 4.2 (a)) with packing rods of different sizes, which are 

cut shorter to avoid compressing and breaking of the bulging sealed ends. The central part 

of the PCF is replaced with a same size silica rod and a copper-cane is placed next to it. 

The stack of capillaries stacking (in hexagonal shape) is being held together by PTFE 

(polytetrafluoroethylene) tapes. Then, the hexagonal jigs are released before transferring 

the stacked capillaries into the longer preform tube. 
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Figure 4.2: (a) Schematic diagram of cross-section of copper-filled PCF with 
packing rods. (b) Stacking the capillaries, solid rod and copper-cane. (c) 

Completed stacking in the hexagonal jig. (d) The complete stacking is transferred 
into silica tube with packing rods to fill the empty space. 

 

Subsequently, the stacked structure is transferred slowly into a longer preform tube. The 

cross-section of copper-filled PCF preform stacking is illustrated in Figure 4.2. Figure 4.2 

(b), (c) and (d) depicted a stacking process in hexagonal jig to form a triangular lattice 

arrangement.  
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4.2.3 Drawing Copper-Filled PCF’s preform 

We draw the preform (the completed stacking as shown in Figure 4.2 (c)) into a cane 

with a diameter of ~1-2 mm1. Figure 4.3 depicts a cross-sectional view of the copper-

filled PCF cane. The preform is mount into the feeder chuck and fed into furnace. A 

vacuum of 15 kPa is applied as an aid to collapse of the holes and the capillaries and rods, 

called interstitial holes. The furnace temperature and drawing speeds are set to ensure the 

structure is maintained while the interstitial holes are completely closed under the 

vacuum. Temperature of the furnace is set in the range of 1950 ̊C – 2050 ̊C. Temperature 

above 2050 ̊C will result in complete collapse of air-holes or irregular hole shapes due to 

low viscosity and surface tension whereas temperature lower than 1950 ̊C may lead to 

random cracks and interstitial holes. The initial feeding rate and drawing speed is set 

according to the mass conservation equation. A slow draw speed of 1 m/min is set to 

ensure complete collapse of interstitial holes and retaining a good structure. The cross-

section surface of cane samples is observed under the microscope from time to time to 

ensure the formation of uniform lattice patterns.  

 

Figure 4.3: Fabricated copper-filled PCF cane measuring 1.7 mm diameter 
 

1 The best cane size is usually in this range. The smaller diameter will result in difficulty to convert into fiber 
format, whereas the larger diameter will result in bad fiber structure.  
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Figure 4.4: (a) SEM images for fabricated copper-filled PCF fiber. (b) 
Magnified view of the core area of the PCF indicating the presence of copper and a 

solid core. 
Then, the cane undergoes the second stage drawing which converts it into fiber format. 

The size of the air holes can be controlled to some extent by applying pressure of 1-3 kPa. 

The fiber is pulled from the furnace at 1850 C̊ by capstan that also measures the fiber’s 

tension. The value of the tension gives an indication of the effect of temperature on the 

fiber structure. A low tension reading usually below 50 g, which indicates high 

temperature and the holey structure might be collapsed. If the tension is too high usually 

more than 130 g, the fiber could break. The fibers are fragile if there are scratch marks on 

it. Thus, if long lengths of fiber are to be drawn, a protective polymer is coated to the 

fiber so that it can wind on the bobbins without breaking. After leaving the polymer cup, 

the coatings are then cured immediately by UV light. Figure 4.4 (a) and (b) illustrates the 

SEM image of copper-filled PCF fiber. Figure 4.5 illustrates a summary of copper-filled 

PCF fabrication process.  

 

 

(a) (b)

Core

Cu  microwire
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Figure 4.5: An illustration of copper-filled PCF (CFPCF) fabrication process 
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4.3 Numerical analysis and characterization of Copper-filled PCF (CFPCF) 

The theoretical analysis of the dispersion relation of CFPCF is subjected to the material 

properties of silica and copper microwire. Consequently, this analysis was supported by 

using Equations 1 and 2. For silica, the dispersion relation was calculated by using the 

Sellmeier equation as represented in Equation 4.7 (Tatian, 1984). 
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n is the refractive index of silica and   is the wavelength. The Sellmeir coefficients 

are as follows:  

B1 = 0.696163, B2 = 0.4079426, B3 = 0.897479401, C1 = 4.67914826 x 10-3 µm2, C2 = 

1.35120631 x 10-2 µm2, and C3 = 97.9340035 µm2 (Tatian, 1984) 

In addition, Equation 4.8 was used to analyze the dispersion relation for copper in 

terms of their dielectric constant. The dielectric constant of copper has been modeled 

using a Drude plus two critical points (D2CP) (Ando, Tuniz, Kobelke, & Schmidt, 2017):  
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where λp is plasma wavelength, γp is the damping with the function of wavelengths, λj 

is the interband transition wavelength, γj is the transitions broadenings with the function 

of wavelengths, and Aj is the dimensionless critical point amplitudes. The corresponding 

coefficient values of the D2CP equation for permittivity (ε) of the copper were set 

according to the experimental data from Johnson and Christy as shown in Table 4.1 

  

(4.7) 

(4.8) 
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Table 4.1: Fit parameters for the D2CP model of permittivity for copper 

Parameter 

(units)  

Data from 

Johnson and 

Christy 

  4.5761 

p (nm) 138.24 

p (nm) 12790.84 

1A  3.5710 

1 (rad) 0.7204 

1 (nm) 252.22 

1 (nm) 490.9 

2A  0.6167 

2 (rad) 1.3077 

2 (nm) 560.97 

2 (nm) 4331.1 

 

The corresponding values for the permittivity of copper have been fitted to the 

experimental data (Ando et al., 2017). The confinement loss (CL) of the structure can be 

determined by considering the imaginary part of the effective refractive index (Im) and is 

defined by [refs]. 

𝐶𝐿(𝑥,𝑦)[𝑑𝐵 𝑐𝑚⁄ ] = 8.686 𝑘0 × 𝐼𝑚[𝑛𝑒𝑓𝑓] × 104 

where k0 = 2π/λ is the wave propagation number in the free space and the wavelength 

λ is in micrometer. The core-guided mode will eventually match with that of SPP mode 

(4.9) 
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which can result in resonance loss peak at a particular wavelength, known as resonance 

wavelength. The SEM image of the fabricated CFPCF was used for all simulation studies 

reported in this paper. The simulation study was carried out by using COMSOL 

Multiphysics 5.3 software, which is based on the finite element method (FEM). This was 

performed by extracting and importing the SEM image of the fabricated CFPCF into 

COMSOL geometry interface. Convergence tests were executed by optimizing the mesh 

size and perfectly matched layer (PML) thickness, which led to more accurate results. We 

used the built-in circular PML with 10 μm thickness, which is added in the outer region 

of structure. The meshing is divided into three regions, which are the PML layer, cladding 

region, and core region (including the first two air-hole rings), as shown in Figure 4.6. 

The core region is the densest area compared to the PML and the cladding region, which 

leads to more accurate computational analysis. The maximum mesh element size of the 

core is 0.2 μm while the cladding and PML regions’ mesh sizes are 0.8 μm and 1.6 μm, 

respectively. The full structure is meshed with 1,221,576 number of smallest elements. 

 

Figure 4.6: The extracted SEM image from COMSOL with meshing 
structure for PML, core, and cladding region. 
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4.4 Experimental Setup 

 

 

 

 

Figure 4.7: (a) Experimental setup to measure transmission spectrum and CCD 
imaging. (b) Connecting both end facets by metal-soldering for continuity tests. 

The experimental setup to measure the transmission spectrum of the CFPCF was 

exhibited in Figure 4.7 (a). A supercontinuum source (SuperK, NKT Photonics) was used 

as the input light source. Efficient light coupling was ensured by using a 20× objective 

lens. Controlled polarization of input light was achieved by employing a linear polarizer 

followed by a polarization maintaining fiber (PMF). The output light from the CFPCF 

was split into two directions by using a polarization beam splitter. A perpendicularly 

directed light beam reached the charge-coupled device (CCD) (MicronViewer 7290A, 

Electrophysics) camera via a 40× objective lens and neutral-density (ND) filter while a 

parallel beam was directed to an optical spectrum analyzer (OSA). The ND filter before 

the CCD was used to control the intensity of light. We ensured an upward orientation of 

the CFPCF during all measurements by checking its mode image on the CCD camera and 

(a) 

(b) 
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the transmission spectrum was recorded by using the OSA. The continuity of the copper 

has been tested using conductivity test. The method for the conductivity test is the same 

as shown in Section 3.4.  

4.5 Results and Discussion 

 

Figure 4.8: (a) SEM image of the fabricated CFPCF, and (b) mode profile image 
taken from the CCD for x- and y- polarized modes 

 

The SEM image of the CFPCF and the mode image was taken from the CCD camera 

as depicted in Figure 4.8 (a) and (b). We ensured the correct orientation of the CFPCF 

throughout the measurement of the transmission spectrum. 

 The dispersion relation and the modal analysis for different orders of SPP modes and 

the core-guided mode of the CFPCF in x-polarization (horizontally polarized) and y-

polarization (vertically polarized) are depicted in Figure 4.9. The effective refractive 

index of the second-order SPP mode is much higher than the effective refractive index of 

the core-guided mode. As a result, the second-order SPP mode would match to the core 

guided mode at a wavelength larger than 2000 nm. As shown in Figure 4.9 (a), the phase-

matching phenomenon occurred when the effective refractive index of the third-order 

(b)

x-pol.

y-pol.
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SPP mode crossed the effective refractive index of the x- and y-polarizations core-guided 

mode at the wavelengths of 1790 and 1890 nm, respectively. During this phase-matching 

phenomenon, the resonance loss of x- and y-polarizations reached a maximum with 37.0 

dB/cm at 1790 and 19.7 dB/cm at 1890 nm, respectively, as illustrated in Figure 4.9 (b). 

The electric field distributions of the respective guiding modes of x- and y-polarizations 

at the phase matching phenomenon were portrayed in Figure 4.9 (c) and 4.9(d). 

 

Figure 4.9: Simulated results for (a) dispersion relation of the CFPCF 
polarization filter. (b) Loss spectrum for CFPCF for x- and y- polarizations. 

Electric field distribution of the fundamental mode of (c) x-polarization at 1790 nm 
and (d) y-polarization at 1890 nm. 

x

y

x-pol.
y-pol.
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In addition, transverse electric field vector distribution of the x-polarization coupling of 

the core-guided and SPP modes shows that the lobe fields of the SPP mode are strongly 

attracted to core-guided lobe fields, as shown Figure 4.10 (a). In contrast, Figure 4.10 (b) 

exhibits the loss in the lobe fields of SPP modes toward y-polarization core-guided lobe 

fields. This is because of the metal position dependency where the position of the copper 

wire was horizontally placed next to the CFPCF’s core. These indicate higher resonance 

loss for the x-polarized mode than y-polarized. The same observation was also reported 

elsewhere (Shi et al., 2015; Tyagi et al., 2010). 

(a) (b)

x-pol. y-pol.

Figure 4.10: Contour line of transverse electric field vector distribution of the 
(a) x-polarization, (b) y-polarization, representing the coupling strength of the 

phase matching phenomena. 

Univ
ers

ity
 of

 M
ala

ya



69 

 

Figure 4.11: Transmission spectra of measurement and FEM simulation: (a) x-
polarization, (b) y-polarization. 

 

Figure 4.11 highlights the transmission spectra of x- and y-polarizations measured via a 

broadband source by using the OSA. Both measured transmission spectra (continuous 

line in blue color) have a resonance dip which corresponds to the phase-matching 

condition between the core-guided mode and the third SPP mode at the respective 
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wavelengths of 1805 and 1910 nm. On the other hand, the transmission spectra of FEM 

simulation of x- and y-polarizations were observed at 1790 and 1890 nm, respectively. It 

is found that both measurements of resonance dips are shifted from their FEM simulations 

by 15 and 20 nm to a longer wavelength. This can be explained due to the thermal 

shrinkage of the metal during the fabrication, which led to form air gaps between the 

copper and the (M. A. Schmidt et al., 2008).  

 Cross talk is one of the key elements used to control and limit the undesirable 

polarized modes during the fabrication of a polarization filter. Cross talk also 

characterizes the quality of transmission by defining its ability to eliminate the 

undesirable polarized mode [17]. The cross talk is developed by Beer–Lambert laws [29] 

in which it can be simplified as a function of the fiber length as given in Equation 4.10 

])([exp(log20][ 10 LCLCLdBCrosstalk yx   

where L, CLx , and CLy are the length of the fiber and loss of x- and y-polarization modes, 

respectively. We have used the electromagnetic wave frequency domain for modal 

analysis based on the FEM to calculate cross talk which involves the imaginary part of 

the effective refractive index. Furthermore, the available optical bandwidth of the CFPCF 

can be measured as the wavelength encompasses within the cross-talk line below −30 dB 

(Dou, Jing, Li, Liu, & Bian, 2016). 

(4.10) 
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Figure 4.12: Calculated crosstalk for five different lengths of CFPCF 
polarization filter 

 

Figure 4.12 presents the calculated cross talk of the CFPCF in different lengths as a 

function of wavelength. The cross-talk dip appears at the resonance wavelength of 1790 

nm. As the fiber length increases, the degree of the cross talk increases too. The 

magnitude of cross talk for the shortest fiber length of 0.4 mm achieved is −103 dB, while 

the magnitude of cross talk reaches up to −206 dB for a 0.8 mm long CFPCF at the 

wavelength of 1790 nm. It is crucial for the cross talk to be sufficiently high as a 

polarization filter to eliminate the unwanted polarized mode and also retains a large 

optical bandwidth. The bandwidth of the 0.8 mm CFPCF is the widest, which is 282 nm 

(1580– 1862 nm). Besides the confinement loss and the cross-talk value, the insertion 

loss (IL) is one of the key performances for the polarization filter. The IL can be 

calculated by considering the loss value of the wanted polarization mode. The IL of a 

filter can be calculated using Equation 4.11 [refs].  
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Figure 4.13: IL with varying fiber length for (a) x-polarization, (b) y-
polarization. 
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The ILs for both x- and y-polarizations by varying the fiber length are depicted in Fig. 

10. As shown in Figure 4.13 (a), the IL for x-polarization has the highest peak at the 

resonance wavelength of 1790 nm with 0.8 mm fiber length, which gives 0.293 dB. 

Furthermore, at the y-polarized resonance wavelength (1890 nm), the IL of 0.156 dB is 

achieved with the 0.8 mm fiber length. It is noticeable that the IL for both x- and y-

polarized modes is relatively low around 0.10 dB from the 1550 to 1700 nm wavelength. 

In general, the IL is increased when the length increased. These characteristics mentioned 

above would make the fabricated CFPCFs as the potential candidate for a polarization 

filter device.  

 

4.5.1 Impact of copper-wire diameter, dc on characteristics of polarization filter.  

The characteristics of the polarization filter, such as the magnitude of the 

resonance loss, cross talk, and the optical bandwidth, can easily be altered by changing 

the diameter of the copper wire (dc). Here, we considered phase matching of the third-

order SPP mode with the core-guided mode to understand the impact of dc on the 

polarization characteristics. The second-order’s resonance coupling might be matched at 

the wavelength longer than 2000 nm. Four different dc values of 0.4Λ, 0.5Λ, 0.6Λ, and 

0.7Λ μm have been tested to understand the trend of resonance loss. As shown in Figure 

4.14, by increasing the dc value, the magnitude of the resonance loss increases, while the 

resonance wavelength shifts toward the longer wavelengths. This trend is observed in 

both x- and y polarizations, as depicted in Figure 4.14 (a) and 4.15 (b), respectively.   

  

Univ
ers

ity
 of

 M
ala

ya



74 

 

Figure 4.14: Resonance loss for four different sizes of the copper wire (a) x-
polarization (b) y-polarization. 

The results show by increasing the copper core diameter in the CFPCF from 0.4Λ, 

0.5Λ, 0.6Λ, and 0.7Λ μm, the resonance losses of x-polarization are found to be 8.8, 20.2, 

35.7, and 37 dB/cm, respectively. The corresponding resonance losses of y-polarization 

are observed to be 5.8, 11.2, 16.8, and 19.7 dB/cm. The dependency of the resonance 

wavelength to the diameter of the copper wire dc is depicted in Fig. 4.13. The CFPCF can 
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filter at communication wavelengths of 1310 and 1550 nm by choosing dc to be 0.32Λ 

and 0.48Λ, respectively.  

 

Figure 4.15: Resonance wavelength for different diameter of copper wire 

The amounts of crosstalk for different dc are shown in Fig. 13 for a fixed CFPCF length 

of 0.8 mm. The results show that the CFPCF with dc of 0.4Λ, 0.5Λ, 0.6Λ, and 0.7Λ μm 

can filter the polarized light at the central wavelengths of 1390, 1582, 1733, and 1790 nm 

with cross-talk values of −40.0, −88.8, −163.4, and −206.0 dB and bandwidths of 89, 235, 

260, and 282 nm, respectively, as summarized in Table 2.  

 

___________________ 

1Polynomial fit of resonant wavelength with third order polynomial. The equation given is Y=B0 + B1*(X - MeanX) +B2*((X - 

MeanX)^2) + B3*((X - MeanX)^3) with B0=0.01529,B1=0.1634, B2=0.3984, B3=3.024, X=6, MeanX=0.45 
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Figure 4.16: Crosstalk for 0.8 mm long CFPCF as a function of wavelength, 
considering different diameters of copper wire, dc 
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Table 4.2: Polarization Characteristics with respect to the Diameter of Copper 
Wire (dc) 

Copper 
diameter, 
dc, (µm) 

 

Loss in x-
polarized 
(dB/cm) 

Loss in y-
polarized 
(dB/cm) 

Operating 
wavelength 
x-polarized 
(nm) 

Operating 
wavelength 
y-polarized 
(nm) 

Crosstalk 
lower 
(dB) 

Bandwidth 

(nm) 

0.4Λ 8.3 5.8 1390 1390 -40 89 

0.5Λ 20.2 10.0 1582 1582 -88.8 235 

0.6Λ 35.7 14.6 1732 1790 -163.4 260 

0.7Λ 37.0 19.7 1790 1890 -206.0 282 

 

4.6 Summary 

In summary, a simple structure of a polarization filter based on CFPCF have been 

designed and fabricated. The CFPCF is fabricated by following the conventional stack-

and-draw method. The resonance loss of the fabricated fiber is measured for x- and y-

polarizations, which are 37.0 and 19.7 dB/cm, respectively. The measured transmission 

spectrum shows a good agreement with the simulated transmission of x- and y-

polarizations with slight redshift in wavelength. Other characteristics of the CFPCF as 

polarization filter are numerically analyzed by using the SEM image of the fabricated 

fiber. The results show that the cross talk between x- and y-polarizations can be reduced 

by increasing the fiber length and/or the copper wire diameters. In the former approach, 

the central wavelength of the filter remains unchanged by increasing the fiber length, 

while in the latter method, the central wavelength shifts toward longer wavelengths as the 

copper diameter increases. For resonance loss and filter bandwidth, both of them are 

relatively increased by increasing the fiber length and/or copper diameter. It is shown that 

for a fixed length of 0.8 mm, by varying the diameter of the copper wire from 0.4Λ to 

0.7Λ μm, the resonance wavelength can be tuned from 1390 to 1890 nm with a cross talk 

of −40 to −206 dB and bandwidth of 89 to 282 nm, respectively. Under the same 
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circumstances, the insertion loss is relatively low for both polarizations. For x-

polarization, the IL is ranging from 0.071 to 0.293 dB, whereas for y-polarization, the IL 

is ranging from 0.042 to 0.156 dB. Also, the CFPCF polarization filter can work in the 

communication bands of 1310 and 1550 nm by setting the copper diameter at 0.32Λ and 

0.48Λ μm, respectively. The results suggest that the proposed CFPCF would be a suitable 

candidate for designing polarization filters. Furthermore, our CFPCF fabrication 

technique may open a new way to selectively fill the metallic wires inside microstructured 

fibers, which paves a broad range of applications. In Chapter 5, the characteristics of 

polarization splitter based on copper-filled in dual-core photonic crystal fiber will be 

introduced.  
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CHAPTER 5: COPPER-FILLED PHOTONIC CRYSTAL FIBER FOR 

POLARIZATION SPLITTER 

In this chapter, we will introduce the wavelength-dependent polarization splitter based 

on copper-filled dual-core photonic crystal fiber. We demonstrate a dual-core PCF with 

a copper-core placed between the PCF’s cores. A brief description of numerical modeling 

using the plane-wave expansion method (PWEM) and finite element method (FEM) is 

given. We used a commercially available software package COMSOL Multiphysics 5.2 

to simulate the copper-filled dual-core PCF. We then present the properties of the copper-

filled dual-core PCF as a polarization splitter. 

5.1 Polarization Splitter 

Polarization splitter is one of the most far-reaching passive optical devices in a modern 

optical communication system. It can split incoming two orthogonally polarized light into 

two- polarization states (x- and y- polarized) after an optimized propagating length. 

Traditionally, polarization splitters have been fabricated by conventional fibers and one 

major disadvantage is their long coupling length (C. W. Wu, Wu, & Chang, 1995). For 

example, the length of polarization splitters reported in (Peng, Tjugiarto, & Chu, 1990) 

and (Miliou, Srivastava, & Ramaswamy, 1993) is 262 mm and 25 mm, respectively. Thus, 

PCF provides a new approach to design a shorter polarization splitter owing to its design 

flexibility and their unique properties.  

There is a vast amount of literature on the application of dual-core PCFs in polarization 

splitters. The solid cores are placed adjacently close to each other into a single PCF as 

optical fiber couplers due to its flexible design, huge index contrast, and compactness in 

size (Fan et al., 2016; L.-h. Jiang et al., 2016; L. Jiang, Zheng, Hou, Zheng, Peng, et al., 

2015; Khaleque et al., 2015; Q. Liu et al., 2015; Sun et al., 2015). Nonetheless, the 

coupling length of the fiber coupler is commonly long since it is strongly dependent on 
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the fiber structure. Hence, this will result in a low coupling efficiency which leads to 

many communication problems such as intermodal dispersion in the transmission which 

could result in the propagation of short pulses in a dual-core optical fiber (Chiang et al., 

1997). Thus, the metal wire is introduced in the center between the dual-cores to improve 

the directional power transfer (L. Chen et al., 2014; H. Jiang et al., 2014; Sun et al., 2013). 

As discussed in Chapter 4, the phase matching condition is met when the guided core 

mode coupled with the surface plasmon modes at a particular wavelength. The resonant 

coupling between the surface plasmon modes by the metal wire and the fiber core-guided 

modes can be used to enhance the performance of dual-core fiber coupler by an order of 

magnitude reduction in coupling length. The metal wire acts as a bridge to transfer the 

energy between cores. This could enhance the coupling efficiency which implies potential 

applications in miniaturized fiber-based photonic devices such as optical switches 

(Chiang et al., 1997), and wavelength multiplexing system (Saitoh, Sato, & Koshiba, 

2003).  

With the development of modern optical communication system, more compacted 

polarization splitters are developed as explained in section 2.5.2. In this chapter, we will 

numerically analyze the copper-filled based on dual-core PCF as a polarization splitter. 

5.2 Numerical Simulation 

5.2.1 Numerical Methods 

Numerical methods for analyzing waveguides can be categorized into two types, wave 

propagators and mode solvers. Mode solving methods are based on the assumptions that 

the waveguides are uniform in the propagation direction. Whereas the wave propagation 

technique analyses waveguides of changing structures in the propagation direction. In this 

thesis, the mode solving method is considered in analyzing PCFs. A few examples of 
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mode solving techniques are plane wave expansion method (PWEM), multipole method 

(MM), eigenmodes expansion method (EME) and finite element method (FEM).  

PWEM is a frequency-domain method that expresses eigenvalue problem from 

Maxwell’s equations (S. G. Johnson & Joannopoulos, 2001). This method is mainly 

beneficial in solving for the band structure of a particular photonic crystal geometry, 

computing modal solutions of Maxwell’s equations over an inhomogeneous or periodic 

structure. The electric or magnetic fields, together with the permittivity are expanded in 

terms of Fourier series components along the reciprocal lattice vector for each field 

component. The disadvantage of the PWEM is that the wave-vector is used as the input 

parameter, whereas the frequency eigenvalues are retrieved from the calculation. It is 

often more convenient to specify the frequency and solve for the required propagation 

constant for some applications involving dispersion. 

MM is based on mathematical series of a function that depends on angles, which can 

be used for full-vector modal calculations of PCFs (Botten et al., 2005). It gives both the 

real and imaginary parts of the mode propagation constant with the ability to achieve high 

accuracy and rapid convergence with practical computational resources. Also. it treats 

each dielectric boundary in MM as a source of radiating fields. An advantage of the 

method is that it uses frequency as input parameter to solve for the propagation constant. 

This is important in simulation involving a dispersive media.  

EME is a linear frequency domain method that relies on the decomposition of the 

electromagnetic fields into a set of local eigenmodes that exists in the cross-section of 

waveguide (Gallagher & Felici, 2003). The algorithm is fundamentally bi-directional and 

exploits the scattering matrix technique to connect different section of the waveguide. 

Therefore, all reflections are taken into account. The method can simulate light 
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propagation at any angle even at 90°. However, EME is limited to linear problems, and 

nonlinear problems may be modelled using iterative techniques.  

FEM is a numerical approach for finding the estimated solutions of partial differential 

equation (PDE) by solving complex boundary value problems (Koshiba, 1992). The field 

region is divided into basic forms, such as triangular and rectangular, named as finite 

elements to estimate a more complex equation over a larger domain. The solution 

approach is based either on removing the differential equation completely as in steady 

state problems. Furthermore, the PDE is interpreted into the corresponding ordinary 

differential equations. A commercial FEM software, COMSOL Multiphysics 5.2, is used 

in this work. 

5.2.2 Modelling 

The modelling is conducted at the wavelength λ ranged from 1.2 µm to 2.0 µm. The 

copper-filled dual-core PCF was modelled to investigate the properties of a polarization 

splitter. Figure 5.1 shows the flow diagram of the processes involved in obtaining 

simulated results.  

 

Figure 5.1: Flow diagram of simulation process 

5.2.2.1 Geometrical Definition 

Full structure has been considered in this work in order to investigate the existence of 

higher order mode. The required shapes of hexagon, circular, and rectangular are drawn 

through the settings of the dimensions (height and width) and the positions (x, y). Here, 

circle with the same diameter d are drawn and positioned on the desired lattice with 

constant pitch,  as shown in Figure 5.2. 
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Figure 5.2: FEM simulation on copper-filled dual-cores PCF: (a) structural design; 
(b) subdomain definition; (c) setting of the boundary conditions; (d) mesh generation; 

(e) solution. 
The Perfectly Matched Layers (PML) is used to avoid the energy from the outer 

boundaries being reflected into the domain and match an infinite structure with a finite 

domain. Depending on the formulation, either square as shown in Figure 5.2(a) or circular 

shapes can be employed. 

5.2.2.2 Subdomain Setting 

The physical properties of each material in each subdomain need to be set. The grey 

holes in Figure 5.3(a) indicate the air region (refractive index equal to 1), while the orange 

is copper. The purple region corresponds to fused silica, whose refractive index can be 

determined as a function of frequency using the Sellmeier equation (Tatian, 1984). 
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where resonant frequencies,ωi and the strength of their resonances, Bi depend on the 

glass material. The external, green layers are the PMLs introduced to limit the 
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computational domain. PMLs are absorbing layers, specially designed to introduce zero 

reflections for any angle of incidence, frequency or polarization of the incoming 

electromagnetic radiation, and are therefore perfectly suited to surround the simulation 

area. Their original concept was introduced by Berenger in 1994 (Berenger, 1994), even 

though in that first definition they required the modification of Maxwell’s equations. 

Shortly after, Sacks et al. demonstrated that the same absorbing and non-reflection 

behavior could be achieved without modifying Maxwell’s equations, provided that the 

material is appropriately defined as anisotropic and complex (Sacks, Kingsland, Lee, & 

Lee, 1995). This approach is much more easily implemented into standard numerical 

methods and immediately gained much popularity.  

According to Sacks, the PMLs are defined as anisotropic materials, whose permittivity 

and permeability diagonal tensors are (Sacks et al., 1995) 

][][ 2  no  

][][  o  

where  is:  
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where ε0 and μ0 are the permittivity and permeability of free space, n is the refractive 

index of the adjacent region and the PML parameters sx and sy are defined (Saitoh & 

Koshiba, 2001) in Table 5.1 for region 1 to 8 in Figure 5.2b. 
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Table 5.1: PML parameters 

PML 
parameter 

PML region 

  1 2 3 4 5 6 7 8 
sx s1 1 s2 s2 s2 1 s1 s1 
sy s3 s3 s3 1 s4 s4 s4 1 

 

Here si (i = 1,2,...) must be a complex number, the real part of which decreases potential 

evanescent waves, while the imaginary part is effective in damping the propagating 

waves. In many studies (including the present one) the imaginary part is modelled by a 

polynomially increasing profile, so that 

 )(max
i

i d
jabs   

where Ψ is the distance from the beginning of the PML, di (i = 1, 2) is the PML width 

in the horizontal or vertical direction, b, amax, and α are PML free-parameters. It is decided 

to fix a parabolic profile (α = 2) with b = 1 for all simulations according to a frequent 

convention in preceding studies (Poletti, 2007) and after a number of tests. A number of 

convergence test on the best value of amax are also conducted and these are reported in 

Section 5.2.4. 

5.2.2.3 Boundary Setting 

The physical properties of all boundaries of the simulation domain then have to be set. 

The boundary condition (BC) at an edge outside the PML (red dot in Figure 5.3(c)) is 

generally irrelevant, as the field at that point has been attenuated to a negligible level. 

Therefore the BCs for a full-structure simulation can be set arbitrarily. Internal boundaries 

between subdomains (black dot in Figure 5.3(c)) need, in COMSOL Multiphysics, to be 

assigned the ‘internal boundary’ condition, which guarantees the continuity of both 

displacement and magnetic fields at the interfaces. 

(5.5) 
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5.2.2.4 Meshing 

Several mesh parameters can be adjusted, to determine both accuracies of the solution 

and calculation time. As a general rule, a large number of triangles need to be positioned 

both around curved boundaries, in order to accurately define their shape. Whereas high 

accuracy is required (e.g. where the field is more concentrated or where it changes more 

rapidly). An example is provided in Figure 5.3(d) where an inner hexagonal zone has 

been defined around the core with the only purpose of allowing a finer mesh. Generally, 

a mesh convergence test is needed in order to ensure that the structure has properly 

meshed, and to minimize the related numerical errors (see Section 5.2.3). 

5.2.2.5 Solving 

The COMSOL Multiphysics utilizes MUMPS (Multifrontal Massively Parallel sparse 

direct Solver) as a direct solver for eigenvalue problems. Once the solver is chosen, the 

most important parameters to be defined are the presumption for the eigenvalue and the 

number of eigenvalues to be calculated around this value. For example, in the modal 

analysis of copper-filled dual cores PCF, the estimated effective index neff is the guess for 

the eigenvalue. 

5.2.3 Accuracy 

Convergence tests are run for the main free-parameters of the algorithm in order to 

verify the method. The size of the finite element mesh and the PML parameters is tested. 

It is generally a widespread practice as mentioned in the previous section, to fix α = 2 and 

b = 1 in the PMLs (for example (Saitoh & Koshiba, 2001)). Therefore the parameters 

whose convergence will be analyzed in the following are the maximum value of the 

imaginary part of si, amax, and the size of the finite element mesh.  

By testing its results against the known analytical result, the general practice to validate 

a numerical method would be tested. However, no analytical results are available for 
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PCFs as has been previously explained. Furthermore, comparisons with the analytical 

solution of a step index fiber would be insufficient for testing the imaginary part of the 

propagation constant. It has become a common practice, to validate a numerical code by 

comparison with the results obtained with the method which is recognized as the most 

accurate PCF modelling: the multipole method. The most employed ‘benchmark’ for such 

comparisons is typically the fiber with a single ring of 6 equally spaced holes studied at 

λ = 1450 nm (White et al., 2002). 

Figure 5.3 compares the effective index calculated by the MM (neff = 1.445395345+ 

j3.150 x 10-8) with the results obtained with the FEM for increasing values of amax. A full 

structure with a mesh of 173412 triangles, denser in the core, has been used for the FEM. 

A good convergence of Im[neff] is observed for α larger than 5 while the real part of neff is 

almost unaffected by the change of α. Therefore a value of α = 10 will be employed for 

all simulations in this work. The neff convergence as a function of mesh density is shown 

in Figure 5.3 for the same fiber and with α = 10. 

 

Figure 5.3: Effective index dependence on amax for the fundamental mode of the 
fiber studied in (White et al., 2002), calculated with the FEM (blue); the MM result is 

shown in red for comparison.  
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Figure 5.4: Effective index dependence on the mesh size for the fundamental mode 
of the fiber studied in (White et al., 2002) , calculated with FEM (blue); the MM result 

is shown in red for comparison. 
 

Both Re[neff] and Im[neff] are affected by an increase in the number of points, but for a 

number of triangles greater than ~160000 they both seen to have converged to a stable 

value. For this converged value the difference in the real part of neff  between two methods 

lies in the 6th significant digit (~1 x 10-6), while the error in the imaginary part is around 

1 x 10-10, corresponding to a variation of less than 1% in the calculated confinement loss.  

The level of accuracy found for our implementation of the FEM is therefore in line 

with other numerical methods. For all the studies reported in this thesis it is well above 

the accuracy that can be obtained in practice when modelling the fabricated fibers.  
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5.3 Structural Design of Copper-Filled Dual Core PCF for a Use of Polarization 

Splitter. 

 

Figure 5.5: Structural design for Copper-Filled Dual Core PCF 

The design of copper-filled dual-core PCF is illustrated in Figure 5.5. The diameter of 

the copper wire dc is 2.97 µm is placed in the center in between the dual-cores, A and B. 

The PCF is arranged in a triangular lattice with pitch size of Λ= 6.7 µm consisted of six 

rings of air holes. The cladding air holes diameter, da is set to be 4.69 µm. Moreover, the 

diameter of both cores, dr, (core A and B) are 9.57 µm. The fabrication process of the 

copper-filled PCF is quite similar as discussed in Chapter 4. The only step to be taken is 

by removing two air holes and replace with silica rod and replace the centre core with 

copper-cane. Figure 5.6 depicts the SEM images for fabricated copper-filled dual-core 

PCF.  

da
drA B
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Figure 5.6: SEM images for copper-filled PCF 

The refractive index of air of 1 is used. A perfectly matched layer (PML) as shown in 

Figure 5.7 is added to the outer layer to absorb the incident radiation and also the energy 

from the evanescent fields.  

 

Figure 5.7: The schematic diagrams of design copper-filled PCF with PML 
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Figure 5.8: Electric field distribution for (a) x-even mode, (b) y-even mode, (c), 

x-odd mode, (d) y-odd mode 

The dispersion of silica as the background material is following the Sellmeier equation 
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n is the refractive index of silica and λ is the wavelength. The Sellmeir coefficients are 

as follows:  

B1 = 0.696163, B2 = 0.4079426, B3 = 0.897479401, C1 = 4.67914826 x 10-3 µm2, C2 = 

1.35120631 x 10-2 µm2, and C3 = 97.9340025 µm2 (Tatian, 1984).  

(5.6) 

(a) 

 

(b) 

(c) (d) 
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Figure 5.8 shows the electric field distribution of even and odd mode for x- and y- 

polarization. In the numerical studies, the permittivity of copper wire is approximated by 

using the Drude-Lorentz model as shown in Equation 5.7:  
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5.4 Result and Discussion of Copper-Filled Dual Core PCF 

An efficient polarization splitter will possess good coupling characteristics which can 

be obtained through mode coupling theory proposed by (Saitoh et al., 2003) and explained 

in section 4.1. According to the coupled-mode theory, as discussed in section 4.1, the 

dual-core PCF will have four exact modes which are even and odd modes in both x- and 

y- polarizations as depicted in Figure 5.8. The coupling lengths Lc is interpreted as the 

shortest fiber length, where the maximum power transfer occurs between the two cores. 

The Lc is defined as a basic parameter to represent a coupler. Lc for different polarization 

states is expressed as: 

)(2|| odd
eff

even
effoddeven

c nn
L












 

where )(2
effn




  is the propagation constant. From Equation 5.8, Lc is inversely 

proportional to the difference between the real effective index, R(neff) value of the even 

and the odd supermode. The length of Lc
x and Lc

y are not equal which indicates a complete 

power transfer for x- and y- polarization occurs at different length. In order to achieve a 

shorter coupling length, Lc, a high birefringence structure by considering metal will 

significantly increase the R(neven
eff – nodd

eff ). By referring to the coupled-mode theory, the 

light with two polarization states is launched into one of the cores of a dual-core PCF can 

be exactly separated when the coupling ratio of the two polarization state meets Lc
y/Lc

x= 

(5.7) 

(5.8) 
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p/q, where p and q are the positive integers, and the parity should be dissimilar. At the 

end of the splitter, the x-polarization light in core A will still remain while the y-

polarization light is coupled into core B. This implies the two-orthogonal polarization 

components of light are split from each other. In order to obtain the short coupling length 

and better performance, the optimum value of coupling ratio must be 2. When the 

coupling ratio of 2 is achieved, the coupling length would be z = Lc
y. To investigate the 

impact of introducing a copper wire in a dual-core PCF, we will calculate the coupling 

lengths of the dual-core PCF without copper wire. Figure 5.8 highlights the coupling 

length with and without the presence of copper wire. It is apparent from the graph 

depicted in Figure 5.9 that the coupling length of the PCF without the presence of copper 

wire is almost more than thirty times magnitude higher than the PCF with copper-filled. 

As illustrated in Figure 5.9 (a) the coupling length at 1.55 µm is Lc
x = 590.7 µm and Lc

y 

= 1196 µm for x- and y-polarization, respectively. Significantly, for PCF without copper-

filled, the coupling length achieved at 1.55 µm is Lc
x
 = 30000 µm and Lc

x = 38000 µm, for 

x- and y-polarization, respectively. This suggests that, by adding copper wire into the 

structure, the shorter coupling length could be easily obtained.  
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Figure 5.9: (a) The coupling length of PCF with copper-filled, (b) without 
copper-filled 

We will denote the Ly/Lx the coupling ratio. Coupling length for x-polarization is 

shorter than y-polarization due to the coupling of surface plasmon mode with core-guided 

mode is stronger and faster power dissipation due to the horizontal position of fiber core 

and copper wire (P. Li & Zhao, 2013). For a given coupling length, the coupling ratio 

indicates the dimension and the sensitivity of the structure depending on its structure 

variations. On the other hand, the higher the coupling ratio, the greater the sensitivity.  
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Figure 5.10: Coupling length comparison of the diameter of copper wire, dc with 
respect to lattice-spacing ratio, d/Λ (a) coupling length of x-polarization (b) 

coupling length of y-polarization at 1.55 µm wavelength 

Figure 5.10 shows a variation of coupling length of the lattice-spacing ratio, d/Λ with 

respect to the copper size, dc at 1.55 µm wavelength. By varying d/Λ ratios, we could alter 

the coupling length between both cores. Small value of d/Λ indicates the diameter of air-

holes are small compared to the size of pitch. Also, the leaky mode for smaller lattice-
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spacing ratio will increase the loss of the fiber. Larger ratio of the lattice-spacing will 

result in better guiding in PCF by confining light from leaking (Knight et al., 1996). This 

leads to better coupling between core-guided mode and SPP mode. Generally, the 

coupling length performance improves (low Lx and Ly) as d/Λ decreases. Figure 5.11 

illustrates the different between the large and small ratio of d/Λ. Figure 5.11 shows a 

summary of the coupling ratio for different d/  at 1.55 µm wavelength with respect to 

dc. 

 

Figure 5.11: Different lattice-spacing ratio. (a) Larger ratio with larger diameter 
of air holes, d. (b) Smaller ratio with smaller diameter of air holes, d. 
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Figure 5.12: Coupling ratio comparison the diameter of copper wire, dc with 
respect to lattice-spacing ratio, d/Λ at 1.55 µm wavelength 

The coupling ratio for different air holes to pitch ratio, d/Λ with respect to dc is depicted 

in Figure 5.12. With 0.7 d/Λ, the coupling ratio of 2 can be achieved, compared to others 

which could not possibly reach factor of 2. Consequently, this will result in producing a 

shorter splitter and high-performance polarization splitter.  

The magnitude of power in the core A and core B can be defined as in Equation 5.9 

and 5.10. The coupling of both core A and B can be described by the even and odd 

supermodes, which are formed by the coupling between the modes either from core A, or 

core B.  
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where Pin is the input power Lx,y is the coupling length for x- and y polarizations, z is 

the fiber length.  

 

Figure 5.13: Normalized power transfer in (a) Core A, (b) Core B for the proposed 

dual-core copper-filled PCF at wavelength 1.55 µm 

Figure 5.13 illustrates the normalized power in core A and core B along the certain 

propagation length. We can observe the two polarization states can be separated when the 

propagation length is equal to the coupling length, z. The polarized light can be separated 

at fiber length of z=Ly=1196 µm. When the light is launched into core A at z(0), the power 

of y-polarization will become maximum in Core A, and when z=1196 µm, x-polarization 

will become maximum in Core B. This result demonstrates the capability of the proposed 

copper-filled dual-core PCF to split incoming light into two polarization states.  

The other key fundamental of a good splitter is extinction ratio. Extinction ratio (ER) 

is defined as the power ratio between the unwanted and the wanted polarized states at 

each output core. The incident light that launches into core A for both x- and y- 

polarization is to be split when the ER is better than -20 dB. Consequently, ER could 

determine the available bandwidth if the fiber achieved better than -20 dB. The extinction 

ratio for core is represented in Equation 5.11:(S. Zhang et al., 2012)  
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Figure 5.14: Extinction ratio of copper-filled dual-core PCF 
Figure 5.14 depicts the ER as a function of wavelength when the fiber length split at 

z=1196 µm. The PCF obtained a very low ER of -40 dB at the wavelength of 1.55 µm. 

The bandwidth of the PCF is 88 nm from 1.471 µm to 1.559 µm indicating the broad 

bandwidth splitter which operates at the wavelength of 1.55 µm.  
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Table 5.2: Comparison with existing literature for polarization splitter 

Metal-
Wires 

Length 
(mm) 

Extinction 
Ratio-x 
(dB) 

Extinctio
n Ratio-y 
(dB) 

Operating 
Wavelength 
(nm) 

Bandwidth 
below -20 dB 
(nm) 

References 

Silver - -30.54 - 1550 - (S. Zhang 
et al., 2012) 

Gold 0.5942 -40 -40 1310 - (P. Li & 
Zhao, 
2013) 

Silver 63 -39.4 -35.2 1550 x-pol:1441-1587 
(146 nm) 
 
y-pol:1430-1605 
(175 nm) 

(Sun et al., 
2013) 

Silver 0.5775 -34 -42 1596 x-pol:1439-1689 
(250 nm) 
 
y-pol:1421-1700 
(279 nm) 

(Sun et al., 
2015) 

Gold 
 
 

0.2546 -111 - 1550 x-pol: 1420-1980 
(560 nm) 

(Khaleque 
et al., 2015) 

Gold 
 
 

0.117 -100 - 1550 x-pol: 1250-1710 
(460 nm) 

(Khaleque 
et al., 2015) 

Gold 
 
 

2.937 -70 - 1310 x-pol: 1290-1380 
(90 nm) 

(Fan et al., 
2016) 

Gold 4.036 -78.2 - 1550 1250-1680 
(430 nm) 
 

(L. Jiang, 
Zheng, 
Hou, 
Zheng, 
Jiying, et 
al., 2015). 

Gold 0.290 -56.5 - 1550 1540-1599.2 
(19.2 nm) 

Q. Xu, 
Zhao, Xia, 
Lin, & 
Zhang, 
2018 

Copper 1.196 -40 - 1550 1471-1559 
(88 nm) 

This work 
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5.6 Summary 

To sum up, the effect of filling a copper-wire between the dual-cores in PCF was 

studied. The analysis from this study implies that the proposed structure would be 

beneficial in polarization wavelength-dependent splitter application– a passive optical 

device. Copper wire will increase the birefringence of the PCF structure thus would lead 

to shortening the coupling length between core A and core B. Furthermore, copper wire 

acts as a bridge to transfer the energy easily between both cores. Short coupling length is 

one of the key parameters of a good splitter. The coupling length for the proposed 

structure is 1196 µm with coupling ratio of 2 which could operate at 1.55 µm, the 

communication band. Plus, the extinction ratio for the copper-filled dual-core PCF is 

considerably low at 1.55 µm with -40 dB. The bandwidth achieved with extinction ratio 

lower than -20 dB is 88 nm – realizing a broadband and single splitting device which 

operates at 1.55 µm. Even though the existing literatures outperform this work, based on 

the coupling length, we successfully use fiber fabrication with single-step processes to 

obtain the sample. Furthermore, copper is used as a plasmonic material due to its cost-

effectiveness and widespread availability compared to gold and silver.  
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CHAPTER 6: CONCLUSION AND FUTURE WORKS 

6.1 Conclusion 

Throughout my Ph.D. journey, I have demonstrated the following: 

i) Incorporating metal (copper) in fiber fabrication: 

 Copper-in-glass via a standard optical fiber drawing approach was fabricated 

by adopting the Taylor wire process. This method opens the possibility of nano-

sized copper wires encapsulated in silica. The fabrication method allows the 

production of copper wire encapsulated in silica as an alternative for planar 

substrate plasmon waveguide and also as optic-electric simultaneous 

transmission. Copper has low melting temperature (1081 ̊C) compared to silica 

(1900 ̊C). The temperature mismatch and surface tension that occur between 

the melted copper and the glass capillary resulted in copper globules which 

leads to metal discontinuity/segmentation. The issue can be circumvented by 

jacketing the preform tube to solve diffusion of melted copper into the glass 

which can lead to glass breaking. Secondly, to avoid the segmented and 

discontinuous copper in the glass, the melted copper is feeded by a copper wire 

to push the copper to the bottom of the preform before the drawing process. 

The results showed that the fiber can be pulled down to 170 µm with 22.9 µm 

copper as a core. The continuity of the fabricated copper is tested by electrical 

measurements. The results proved that the copper was continuous up to 600 cm 

long. The fabrication technique is very beneficial to design metal-dielectric 

structure such as metal-filled PCF and optical fiber micro and nanowire. This 

method can be successfully applied with different metal such as gold or silver. 

It can be repeated to produce nanowires which would be very useful in optical 
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and electric application such as biosensor, nanowire laser, optical passive 

devices and metamaterial devices. 

ii) Fabrication of copper-filled photonic crystal fiber for polarization filter: 

After successfully demonstrating a technique to fabricate copper-in-glass 

optical fiber structure, the fabricated a copper-filled photonic crystal fiber as a 

wavelength dependent polarization-filter was fabricated. The fabrication 

process of copper-filled PCF follows a conventional stack-and-draw method 

with an additional stage of stacking a copper cane with capillary and silica rod. 

This technique is well suited for mass production, ultra-clean interaction and 

also ensuring high repeatability.  

The copper microwire is placed next to PCF core and works as polarization 

filter. The result showed the capability of the PCF to filter certain wavelength 

for both x-and y-polarization state. The phase-matching condition of the third 

order of SPP mode and core-guided mode occurs at 1.79 µm and 1.9 µm, 

respectively. The measured transmission spectrum shows a good agreement 

with measured loss for x- and y- polarization, with slightly shifted to a longer 

wavelength.  

iii) Numerical studies of copper-filled photonic crystal fiber for polarization 

splitter: 

The copper-filled in dual-core PCF is designed and analyzed by using 

commercialize software, COMSOL. The fabrication process is similar to single 

copper-wire polarization filter. The application of the proposed design is for 

polarization splitter. Copper wire will increase the birefringence of the PCF 

structure thus would lead to shortening the coupling length between core A and 
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core B. Short coupling length is one of the key parameters of good splitter. The 

coupling length for the proposed structure is 1196 µm with coupling ratio of 2 

which could operate at 1.55 µm, the communication band. Plus, the extinction 

ratio for the copper-filled dual-core PCF is considerably low at 1.55 µm with -

40 dB. The bandwidth achieved with extinction ratio lower than -20 dB is 88 

nm – realizing a broadband and single splitting device which operates at 1.55 

µm.  

6.2 Future works 

To further my research, I intend to fabricate and explore : 

i) D-shaped SMF with metal coatings for biosensing. 

 

Figure 6.1: Fabricated D-shaped SMF 

The D-shaped SMF is fabricated and will be coated with metal as an SPR biosensor. 

To date, numerous SPR sensors have been reported and most of the sensors structure are 

difficult to fabricate. D-shaped SMF could be potentially fabricated. The fabrication 

process is by polishing half side of the cane and coating a metal layer by using electron 

beam evaporation. Figure 6.1 shows the SEM image of D-shaped SMF that was fabricated 

during my PhD studies.   
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ii) Wire array metamaterial 

 

Figure 6.2: Wire array metamaterial based on copper cane (a), (b) stack copper-
cane, (c) Neck-down region for stack copper-array in silica (d) SEM image for 

copper array cane. 

Wire array metamaterial can focus light to subwavelength scale, which can be very 

useful for sub-wavelength imaging. The resolution of focusing and imaging devices is 

limited by diffraction and wire array metamaterial can solve this problem.  

By using fabricated copper-cane, we will stack them in hexagonal jigs and draw down 

to fiber size. This technique ensures the production of wire array metamaterial. 

Additionally, this fabrication technique could produce nano-dimensional metal wire. A 

partial fabrication has been done during my PhD studies as shown in Figure 6.2. 

  

(a) (b) 

(c) (d) 
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