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ABSTRACT OF THE THESIS 

Design and Optimization of Wire-array Optical Metamaterial with Alloy Elements Fabricated 

through Thermal Drawing 

by 

Yingchao Yang 

 

Master of Science in Mechanical Engineering 

University of California, Los Angeles, 2016 

Professor Xiaochun Li, Chair 

The objective of this study is to design and optimize metamaterial, especially those 

functioning in the near-IR and visible light range, with alloy wire array in a dielectric material to 

be fabricated by thermal drawing, overcoming the long time challenge in scalable fabrication of 

optical metamaterials. The feature size, wire diameter, of the metamaterial made of the wire-

array structure, is demanded to be less than one-fifth of the incident light wavelength. Therefore, 

metal wire arrays with a wire diameter and a pitch size both less than 500 nm are required. This 

type of metamaterial, due to its three dimensional nature, is very hard to fabricate using 

conventional nanofabrication technologies. Thermal drawing technology is widely considered to 

be the most suitable method for fabricating this type of particular structures. Yet long, 

continuous metal wires with a diameter less than 500 nm have not been achieved by thermal 
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drawing, due to an unavoidable instability in molten metal, a fluid with low viscosity and a high 

interfacial energy with dielectric cladding materials. To tackle this problem, noble metal based 

alloys are proposed to replace pure noble metals because these alloys can become semi-solid 

with a much higher viscosity within specific temperature windows, possible allowing the thermal 

drawing of long continuous micro/nano metal wires. It is expected that the optical properties of 

the alloys would be not as satisfying as pure noble metals.  However, since currently there are no 

other promising way to realize the novel type of metamaterial from theoretical designs, the alloy 

thermal drawing approach would be groundbreaking to overcome the long-standing fabrication 

limit. 

In this study, first a material selection criteria is established. The dielectric material needs 

to be transparent, and has low extinction coefficient and suitable refractive index. Metal has to 

have a large enough localized surface plasmon at the interested wavelength range. Not only 

optical properties should be considered. Several other aspects including phase diagram, potential 

reaction between the cladding material and the metal core, viscosity profile of the dielectric 

cladding, and oxidation under high temperature. Using this criteria, a proper combination of 

alloy and cladding materials could be determined for a successful thermal drawing.  

Then two noble metal based alloy systems, silver-gold and silver-copper alloys are 

selected to be embedded inside a dielectric cladding with a dielectric constant of 2.4. Matlab 

calculation based on Maxwell-Garnett Theory is used to theoretically predict the optical 

performance of alloy wire array structures with a metal filling fraction between 0.227 and 0.325. 

The results show that the optical metamaterial with aligned wire arrays made of these two alloy 

systems could yield the desired negative refractive index, as light bends 8 degrees away from the 
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normal axis, not at the same plane as the reflected wave but at same plane as the incident wave. 

COMSOL simulations are also carried out and the results validate the Matlab predictions. The 

phenomena by the negative refractive index are visualized in the COMSOL results. 

One major source of defects and their effects during thermal drawing are studied as well. 

It is crucial to control temperature during the thermal drawing process. Yet in reality the furnace 

is never perfect to heat up the whole preform uniformly during drawing. Simulation of the 

process suggests that the temperature difference induced along the radial direction of the 

cylindrical preform is problematic since the viscosity of the alloys in the semi-solid state is 

highly temperature sensitive. Precautions should be taken to reduce the temperature difference as 

much as possible to prevent the failure of the metamaterial by defects such as missing wires. 

In summary, this study successfully conducted research in design and optimization of 

optical metamaterial with aligned alloy wire array fabricated by thermal drawing. It overcomes 

the long time fabrication limit for wire-array metamaterial functioning in near-IR and visible 

light region. Analytical and numerical approaches have been applied to verify that using alloy of 

noble metals, instead of pure metals, is highly promising to make a breakthrough into the 

currently stagnant fabrication of wire-array optical metamaterials. Experimental verification as 

well as wire arrangement optimization are recommended to be explored in the future. 
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Chapter 1 Introduction 

1.1 Background and Motivation 

Optical metamaterials, especially those negative-index metamaterials (NIM), have long 

been an interesting topic ever since they were discovered. There are a few success stories 

including John Pendry’s structure [1] performs in the microwave regime, the double split ring 

structure from Shalaev group [2] with THz response, and the fishnet structure from Xiang 

Zhang’s lab [3] that functions under mid-infrared (IR) range. However, not only that these designs 

fail to operate in the visible light or even near-infrared domain, but they also have complicated 

structures or use fabrication process that may not be suitable for further improvement in size and 

scale. Therefore, to successfully produce a NIM that functions under visible light or near-IR, 

other structures need to be explored. 

It was discovered that the parallel wire array structure, a widely adopted "artificial 

dielectrics” design in the radio-frequency (RF) industry, have negative refraction index under 

transverse magnetic (TM) wave incidence [4] [5] [6]. Moreover the negative refraction index ability 

is amazingly preserved when the structure is shrunk to micro or even nano scale. This discovery 

sheds light on the pursuit of the optical NIM. Because the parallel wire array structure is much 

less complicated than the other structures discussed earlier. The simplicity of the structure made 

the fabrication possible. Methods, such as porous alumina template followed by electro-

plating[7], photonic crystal fiber (PCF) template followed by pressure-aided molten metal suck-

in[8], and direct fiber drawing[9]-[15], have been developed. 

Among these methods used, fiber drawing is more flexible regarding size, geometry 

arrangement, and the choice of materials [16]. At present it is the only method with the mass 
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production capability. There have been a plenty of successes in the THz to near-IR domain [9]-[15]. 

But few successful story of optical NIM made by fiber drawing has been reported in the visible 

light domain. The required feature size for a NIM to work under the visible domain needs to be 

less than 100 nm. Fabricating indefinitely long nanoscale metal wire of pure metal is a task not 

yet accomplished. If the pure metal is replaced by alloy, however, interesting phenomena could 

arise since the melting of the alloy is not just a single solid to liquid step. As shown in the phase 

diagram for an alloy with some specific material composition, a semi-solid region exists under 

certain temperature and material composition.  

This study is motivated by an intriguing hypothesis that an alloy could really make it 

more possible for the fabrication of wire array metamaterials through fiber drawing. While the 

optical properties of alloys may differ from the pure metals, the benefits will over shine a 

tolerable variation in the optical properties 

1.2 Overarching goals and research objectives 

The overarching goals of this thesis are to  

a) to present that noble metal based alloys have special advantages in terms of fabrication 

as the metal inclusion of wire-array optical metamaterial in the near-IR and visible 

domain,  

b) to theoretically explore  the optimized design using Ag-Cu and Ag-Au alloy wires and 

validate it with simulation,  

c) to further investigate one major reason why defects could occur and how different 

defects could harm the structure performance, and propose potential remedy actions. 
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1.3 Outline 

The thesis is organized as follows: 

 Chapter 2 reviews literature highly relevant to this study. 

 Chapter 3 presents material selection and optimization criteria for desired optical 

properties 

 Chapter 4 conducts COMSOL simulation on the material interaction with incident 

electromagnetic (EM) wave 

 Chapter 5 discusses fabrication obstacles and defects induced by temperature variation  

 Chapter 6 draws conclusions and recommends future work 
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Chapter 2 Literature Review 

The literature review begins with a brief introduction to fiber drawing technology and the 

current state of art in making sub-micron metal wires. Then it covers simulation methods for 

analyzing the drawing process. Finally, it covers the background and knowledge of optical 

metamaterials, including key parameters, governing equations and well-known models in 

predicting the performance of a metamaterial design. The metamaterials fabricated through 

thermal drawing method are then reviewed in details regarding material selection, structures, and 

potential functions. 

2.1 Fiber Drawing Method 

The fiber drawing method is a top-down, scalable manufacturing method that can 

produce metal wires inside a dielectric cladding [17]. It is first proposed by G. Taylor as a method 

to obtain metal wires with extreme fineness. At the very beginning, the process was quite rough. 

A glass tube filled with the metal desired to be drawn to wires is heated up either by a heated 

cylinder or flame. And the fiber drawing was done manually, causing the quality to be low. 

Metal wires fabricated through this processes are reported to have a diameter much smaller than 

the limit of cold drawing method or hot drawing in air. Metal drawn using cold drawing breaks 

easily since, when the diameter is drawn to smaller size, the stress increases dramatically and the 

point with the smallest diameter will eventually break when the concentrated stress exceeds its 

ultimate tensile stress. Directly drawing metal in the air is not controllable and instability can 

rupture the molten metal flow into droplets instead of forming continuous wires. Only through a 

controlled drawing inside a viscous cladding can the metal form a perfect cast into fine wires or 
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filaments. Later on, the method is widely explored by other researchers, and the original coarse 

method is modified hugely [16] [18] [19].  

2.1.1 Fabricating Continuous Metal Micro/Nano-wires  

The whole fiber drawing process starts with the fabrication of a metal embedded preform. 

The method of preform fabrication is quite flexible, depending on available materials. After the 

preform is assembled and consolidated, it is fixed onto a preform chunk, which is then slowly 

inserted into a cylindrical furnace and pulled down through some mechanism after a necking 

region occurred under an initial preheating. Thus, fibers are successfully produced. 

During the steady state, if the wire is continuous, law of mass conservation should 

guarantee that 𝑣𝑖𝑛𝐷𝑖𝑛
2 = 𝑣𝑓𝑖𝑛𝑎𝑙𝐷𝑓𝑖𝑛𝑎𝑙

2 . And the equation shows that it is unlikely to reach sub-

micron scale with one-time drawing from a macroscopic preform. Therefore, a stack, bundle and 

draw method is commonly used for making fibers with smaller diameters as well as producing 

wire arrays. A graphic process flow is shown in Figure 2-1 below for reference. 
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Figure 2-1 Process flow of fiber drawing 

2.1.2 Challenges in Fiber Drawing Technology and Tomotika Model 

From the previous section, it may seem that the fiber drawing method is straight forward 

and simple. Yet in reality, since the metal is in molten state during drawing, flow instability 

easily breaks the thin liquid stream into droplets. A theoretical model of the capillary instability 

during drawing was proposed by Tomotika [20]. The mathematical model is complicated, yet the 

insights can be briefly summarized. To allow a longer instability growth time (thus less likely for 

the breakage of thin liquid threads): 

 The viscosity of the cladding needs to be large 

 Interfacial energy between the two phases (core and cladding) needs to be small 

 Viscosity ratio of core to cladding needs to be large 
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Therefore, the viscosity of the core material plays a very important role in the successful 

fabrication of continuous wires of very small diameters. Higher viscosity for the metal, better 

chance for the desired fine metal wire. 

2.1.3 State of Art in Fiber Drawing Simulation 

Fiber drawing process is by no means a simple problem for simulation. Computational 

fluid dynamics (CFD) simulation is often applied in analyzing and understanding the process. 

Several attempts were made using either Fortran code, ANSYS or COMSOL.  

In 1978 the first mathematic model that predicts the fiber profile including the necking 

area of silica optical fibers was built by Paek and Runk [21]. Stress on the fiber surface is crucial 

to establishing the equation sets. Yet the iteration process in solving the equations is time 

consuming and problems arise when the drawing temperature is modified to be lower to suit 

polymer cladding. A few years later, a simpler model that fully relies on solving fluid mechanics 

equations was proposed by Myers [22]. But a lot of math skills are required if this method is to be 

adopted. Thus it is still a difficult process if different drawing conditions are used for a different 

material. Moreover, in fiber drawing process, two phases, instead of just one flow phase, exist 

during the drawing. 

Later on with the rise of simulation software, several researchers approached the problem 

using these tools. Mawadi and Pitchumani first adopted COMSOL for analyzing the neck-down 

profile [23]. ANSYS is used by a different group from University of Washington to both analysis 

the preheating of a cylindrical polymer preform [24] and the later on drawing process [25] by 

building 2D models. With the assist of these software, the accuracy of the data got hugely 

improved. But still, only one phase of liquid is analyzed. Because in finite element analysis 
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(FEA), to effectively mesh a domain, at least 4 to 5 nodes along one cut line is needed. The small 

region of the cladding after necking zone is already troublesome. Adding one metal phase would 

then crazily increase the mesh grid numbers. And to satisfy the non-slip condition between metal 

and cladding, the cladding mesh size should decrease, and eventually leading to an increasing in 

total mesh number. Then the whole system would be extremely hard to converge to a solution. It 

may still be doable with a very carefully selected initial guess, but if eventually, the task is to 

simulate the drawing of metal wire arrays in the cladding, the 2D simplification can no longer 

work. And even with the help of an advanced remote server, the problem is still not solvable due 

to the huge amount of nodes and boundaries in the model. 

Therefore, up till now, no simulation model can fully describe the whole fiber drawing 

process. In some situations, not all the parameters are interested. Some assumptions can be 

applied to the model for a partial result. 

2.1.4 Summary 

Fiber drawing method is effective for fabricating the desired fiber structures. The current 

state of art in drawing micro and nanowires are stated. To acquire indefinitely long nano-size 

metal fibers, the instability during the drawing should be suppressed. The current theoretical 

model (i.e. Tomotika model) is not fully applicable to fiber drawing process. Current finite 

element method (FEM) software also do not have the capability to analyze the process 

completely. 

2.2 Metamaterials 

Before the current concept of metamaterial was actually put up, the term “metamaterial” 

was originally defined in 1999 as “macroscopic composites having a synthetic, three-
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dimensional, periodic cellular architecture designed to produce an optimized combination, not 

available in nature, of two or more responses to a specific excitation” [26] [27] by Roger M. 

Walser. The term then became widely used. This field remains explosive with numerous 

researchers introducing new designs, theories, and products constantly. Thus the more the field 

was explored, more people held a second opinion on the original definition. A more accepted 

new definition of the metamaterial can be described as “an artificially structured material whose 

properties rely more on the unit structure than on the constituent materials [28].” 

2.2.1 General Introduction on Metamaterial 

2.2.1.1 Scale requirement of optical metamaterial 

The unit structure of the metamaterial, often called as meta-atom, should meet the 

requirement of being smaller than the incident wavelength. Rule of thumb is that both the size of 

meta-atoms and the separating distance should be at least be on the sub-wavelength scale. When 

the size of the unit cell is too large, it becomes a device rather than material. If the size of the 

unit cell is equivalent to the incident wavelength, diffraction and interference will dominate. 

Only when the size is below the subwavelength scale can the material be regarded as 

macroscopically uniform, and therefore forms a metamaterial with interesting characteristics. 

2.2.1.2 Development of metamaterial theories 

Regarding the metamaterial theory development, in the book “Optical Metamaterial”, the 

authors pointed out that three significant papers built a solid groundwork in the field [28]. The 

first significant paper, written by Veselago [29], was on left-handed materials. And the take away 

knowledge from that paper is: to be considered as left-handed, the permittivity and permeability 

of material must be simultaneously negative when the field vectors E, H and wave vector k form 
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a left-handed system. The second important paper was written by Smith et al. [30] because they 

experimentally proved that such kind of material could be fabricated. Then Pendry [31] proposed 

an application of a perfect lens for this kind of material. These three papers, starting from 

theoretical prediction, to fabrication, and eventually to application, are widely considered 

pioneering work in the field. 

Nowadays the research on metamaterial covers far beyond the left-handed material, 

blooming with a wide spectrum of research directions including negative index materials, 

nonlinear optics, cloaking, invisible materials, optical magnetism, high absorption or high 

reflection, and super resolution. 

2.2.1.3 Common metamaterial fabrication methods 

In terms of fabrication, the first success story of “metamaterial” could date back to the 

fourth century AD. With embedded gold nanoparticle in the ruby glass, the Lycurgus Cup [32] ][33] 

offered different colors under light reflection and transmission. Nowadays, metamaterials 

functioning in microwave frequencies can be manufactured even by human hands or by printed 

circuit board (PCB) writing technology. However, for those functioning in infrared or even in 

visible ranges, unit cell size should be as small as a few microns or even nanometers to satisfy 

the subwavelength scale requirement, For two-dimensional (2D) metamaterials, techniques like 

photolithography, e-beam lithography [34] [35] [36], nano-imprint [37] [38] [39] [40], and focused-ion-

beam (FIB) [41] are available. The exact processes and techniques depend on the geometry, 

material and the size of the design. As for those three-dimensional (3D) structures, it is still 

possible to use some of these methods in 2D fabrication, and the layers are then stacked up to 

form 3D structures [3]. However, it is not efficient enough for practical scaling up. Other methods 
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include direct laser writing [42], 3D holographic lithography [43], focus ion beam (FIB) chemical 

vapor deposition (CVD) [44], deep X-ray lithography [45], chemical synthesis, and templates. The 

templates could be made of colloidal crystals, honeycomb-structures of anodic alumina or 

silicon, self-ordered porous alumina and even quartz optical fibers with hollow structures. It is 

well known that fiber drawing method could fabricate features at micro- and even nanoscale with 

high speed and low cost. If the instability problem in thermal fiber drawing could be solved, it 

will be very promising for 3D metamaterial fabrication. More details will be discussed in section 

2.2.3 and Chapter 4. 

2.2.2 Parameters and Fundamental theories 

2.2.2.1 Relevant parameters 

Maxwell’s equations are the governing equations used to understand most 

electromagnetic phenomena. The electromagnetic properties of material are determined by 

permittivity and permeability. Permittivity, denoted as ε, describes the coupling of the material to 

the electric component of an incident field, while permeability, denoted as μ, is related to the 

magnetic component of the field. The two parameters in vacuum are determined to be ε0 =

8.85 × 1012𝐹/𝑚 and μ0 = 4𝜋 × 10−7𝐻/𝑚. Moreover, the refraction index n = √𝜇𝜀  and the 

impedance Z = √𝜇/𝜀 are widely used in describing the average response of a material in 

macroscopic scale. 

The microscopic formation of a normal material is usually atoms or molecules with a size 

of a few angstroms. When electromagnetic (EM) wave propagates through the material, in each 

unit cell structure, a tiny electric dipole would be aroused. The excited dipoles create a periodic 

local field, known as the Lorentz local field. Different material behaves differently under same 
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incident field since they have different atoms and molecular structures. Indeed, the field 

distribution cannot be regarded as uniform. However, the size of the features is small when 

compared to the incident field so that macroscopically the inhomogeneity can be averaged. 

Therefore permittivity and permeability are enough for describing the targeted properties of the 

material especially when Maxwell equations are applied in an incident field with electric field E, 

magnetic field H, electric displacement field D and magnetic flux density B. It is similar for 

metamaterial because the size requirement of a metamaterial design demands that the features 

are much smaller than the incident light wavelength. Thus the material could be considered as 

homogeneous for the incident wave. 

It should also be noted that both permittivity and permeability would be more 

complicated than single values. Since the material response to the applied field must suffer a 

phase delay in the excitation field and the radiated field, permittivity and permeability should be 

dispersive to meet these two causality requirements. In short, they must be a function of 

frequency. Therefore, they are usually expressed as ε(ω) and μ(ω). Since permittivity is analytic 

in the upper half complex plane, it should satisfy the Kramers-Kronig relations; it has to have an 

imaginary part related to energy dissipation. 

It would be less complicated to use relative permittivity and permeability since they are 

dimensionless. Since the response of material to the applied EM field is largely determined by ε 

and μ [46], materials can be further categorized by a combination of ε and μ being positive or 

negative. 
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When both εr and μr are positive numbers, the material is known to be transparent in 

some wavelength range. Negative  εr is mostly found in noble metals at optical frequencies, and 

in this case, the direction of EM field in the material is opposite to the incident field. Materials 

whose properties lie in the third quadrant are known as negative index material. The properties in 

the fourth quadrant indicate the occurrence of magnetic plasma that is not very likely to occur 

under optical frequency range. 

2.2.2.2 Dielectric and Metal 

The parameter used to distinguish dielectric and metal is electrical conductivity. Of 

course in physics, there’s the other type of materials, semiconductor. The energy band gaps of 

these materials are different. While usually, a dielectric material has the largest energy band gap, 

Figure 2-2 Parameter space for permeability and permittivity [28] 
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the energy band gap of a semiconductor is considerably smaller, and metal has almost no band 

gap at all. But in the optical range, electrons in the valence band are excited by photons. 

Therefore some confusing phenomena might rise. A proper example would be indium tin oxide 

(ITO), which is a metal-like substance electronically. ITO acts like a dielectric regarding optical 

transparency. Other examples include many metals because they clearly can conduct current, but 

they look like a lousy dielectric in visible light spectrum. 

The key to answering the question is to compare photon energy and the bandgap of a 

crystal. The critical wavelength, denoted as 𝜆𝑐 is related to the bandgap 𝐸𝑔 in a form of  

 

𝜆𝑐 =
ℎ𝑐

𝐸𝑔
=

1240𝑛𝑚

𝐸𝑔(𝑒𝑉)
 

 

Eqn. 2-1 

And 𝜆𝑐 indicates the shortest wavelength when the dielectric remains transparent. Thus, 

in the research of optical metamaterial, semiconductors can be treated as dielectric materials at 

different wavelength ranges and they often feature a high dielectric constant. 

To understand how light interact with matter, the most reliable and helpful tool is 

Maxwell equations. 

 
∇ ∙ 𝐃 = ρf 

 

Eqn. 2-2a 

 
∇ ∙ 𝐁 = 0 

 

Eqn. 2-2b 

 ∇ × 𝑬 = −
𝜕𝑩

𝜕𝑡
 Eqn. 2-2c 
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∇ × 𝑯 =

𝜕𝑫

𝜕𝑡
+ 𝑱 

 

Eqn. 2-2d 

There are two more constitutive equations: 

 
𝐃 = ε0𝑬 + 𝑷 = 𝜀0(1 + 𝜒𝑒)𝑬 = 𝜀0𝜀𝑟𝑬 

 

Eqn. 2-2e 

 𝐁 = μ0(𝑯 + 𝑴) = 𝜇0(1 + 𝜒𝑚)𝑯 = 𝜇0𝜇𝑟𝑯 Eqn. 2-2f 

 

The study of the linear interaction between light and matter requires solving the above 

equations under appropriate boundary conditions. It is also worth mentioning that, under optical 

frequencies, the relative permittivity is usually taken to be unity.  

 Dielectric 

In optical system design, dielectric is dominant because it is very intrinsic that, to 

manipulate light, the medium has to be dielectric to some extent so that light could pass through. 

In designing an optical metamaterial, it is essential to select the dielectric material to be 

transparent within the target wavelength so that loss won’t be substantial to affect the 

performance of the metamaterial. Usually, we assign a refractive index n = √𝜀 to those 

transparent dielectric medium and neglect the imaginary part for convenience as long as the 

medium can be considered as isotropic, homogeneous and linear. As mentioned earlier, the upper 

limit of the transparency frequency is bounded by energy band. Moreover, the lower limit for 

most dielectric materials is bounded by the infrared absorption mode of phonons due to lattice 
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vibration. A classic Helmholtz-Drude model is often used to express the dielectric material 

response to an incident EM wave. 

 

ε(ω) = 1 + ∑
𝑆𝑗𝜔𝑗

2

𝜔𝑗
2 − 𝜔2 − 𝑖𝜔𝛾𝑗

= 𝜀′(𝜔) + 𝜀′′(𝜔)𝑖

𝑗

 

 

Eqn. 2-3 

 

 

ωj is the resonance frequency of the jth mode. Sj is the strength of this mode and γj is the 

corresponding damping ratio at this mode. Usually, a common dielectric material would at least 

have one resonance at the UV range and another at the infrared region as plotted in the figure 

below. 

Figure 2-3 Dielectric function of a typical dielectric material [28] 
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It can be seen that the imaginary number of such typical dielectric material is normally 

very close to zero and thus if the region close to resonance frequency range is not specifically to 

our interest, the imaginary part 𝜀′′(𝜔)𝑖 can be taken as approximately zero. As for the real part, 

it represents the shape of a Lorentz line shape around resonance while at the lower frequency 

side of the resonance frequency the values are large and positive. When frequency is slightly 

higher than the resonance part, it appears that 𝜀′(𝜔) becomes negative. This may seem 

counterintuitive, but it only means that the response D is in opposite direction of the incident E 

field. In frequency domain, the square root relationship between permittivity and refraction index 

still hold true. 

 n(ω) = √𝜀(𝜔) = 𝑛 + 𝑘𝑖 Eqn. 2-4 

 

And they could be linked back to the 𝜀′(𝜔) and 𝜀′′(𝜔) through equations: 

 
𝜀′(𝜔) = n2 − 𝑘2 

 

Eqn. 2-5a 

 𝜀′′(𝜔) = 2𝑛𝑘 Eqn. 2-5b 

Some media can be absorptive as well. In this case, the imaginary part of refractive index 

are not negligible, and the attenuation of light propagation can be described using absorption 

coefficient α = 4πk/λ0 and the unit of α is often expressed as cm−1. 

 Metal 
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Different from dielectric materials, metal is widely used in metamaterial design because 

the drastic difference between dielectric functions is essential for the unique properties of the 

fundamental meta-atoms. 

Most light interacting with a smooth metal surface will be rebounded or reflected very 

easily unless the thickness of the metal sheet is thinner than the skin depth of the metal at the 

related frequency. That is due to the abundance of empty electron states in metal. Therefore light 

of all frequencies that enters the surface of the metal will be quickly absorbed within a distance 

of less than 100nm. 

The Drude free-electron model is used to describe metal behavior. In metal, the electrons 

are considered to be free moving. Thus the resonance frequency becomes 0. 

The frequency-dependent dielectric function is: 

 
ε(ω) = 1 −

𝜔𝑝
2

𝜔2 + 𝑖Γ𝜔
 

 

Eqn. 2-6 

where ω𝑝 = √
𝑛𝑒2

𝜀0𝑚
 is the volume plasma frequency at which the density of electrons oscillates. 

The damping constant Γis related to the electron mean free path and the Fermi velocity by 

 Γ = vF/𝑙 Eqn. 2-7 

In most cases, the Drude model can represent the optical properties of noble metals. 

However, gold and silver, with their unique plasma frequencies, are exceptions that cannot be 

precisely described by the model since not all electrons in the metals are free. The Drude model 

only takes those free electrons, i.e., those in the outer orbit, into account. To describe these 
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metals more precisely, interband transitions of electrons in inner orbits needs to be considered. 

The contribution from interband can be written in a standard Lorentz form as: 

 
εin(𝜔) = 1 +

𝜔1
2

𝜔0
2 − 𝜔2 − 𝑖𝛾𝜔

 

 

Eqn. 2-8 

where ω0 is oscillation frequency of a bound electron under an applied electric potential, and  ω1 

and γ are related to the density and damping of bound electrons. 

Thus the total expression is 

 
ε(ω) = ε′(ω) + ε′′(ω)i = εin(ω) + 1 − 

𝜔𝑝
2

𝜔2 + 𝑖Γ𝜔
 

 

Eqn. 2-9 

 

 Furthermore, if the interested frequency is lower than the resonance frequency of the 

metal, the frequency dependent part εib(ω) can be replaced by a constant offset ε∞. The 

empirical value of silver and gold is 5 and 9 respectively. 

The previous equations are assuming Γ as a constant. However, this assumption might no 

longer be valid as the size of metal goes down to tens of nanometers, i.e. much smaller than the 

skin depth. In this case, the continuous metal size becomes comparable to or even smaller than 

its electron mean- free-path. Thus the physical boundary of a metal structure will further limit 

free electron movement, further reducing the effective mean free path as expressed by the 

equation 
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1

leff
=

1

𝑙
+

1

𝑅
 

 

Eqn. 2-10 

Where R is the continuous feature size of the metal. Combining this equation with the equation 

2-7, we obtain 

 
Γeff = Γ + 𝑎

𝑣𝐹

𝑅
 

 

Eqn. 2-11 

The geometry-dependent value 𝑎 is on the order of 1. From equation 2-9, the imaginary part of 

permittivity will be affected. When the size gets smaller, ε‘’(ω) becomes larger. 

2.2.2.3 Mixing rules and effective permittivity 

For those metal-dielectric composites with precisely designed meta-atom structures, 

there’s no unified solution to the electromagnetic (EM) response of the metamaterial. Different 

structures will lead to different results. Some relevant models will be discussed later in Chapter 

3. 

However, for those randomly structured materials, there exists a generalized approach to 

an estimated averaged EM response. A random distribution of the incorporated particles into the 

host medium is required in this case. When the inhomogeneity scale of the material is much 

smaller compared to the incident wavelength, the average response of the system will 

overshadow the response of each particle. In this case, we can describe the effective permittivity 

of the material by a function of permittivity and volume fraction of each component in the 

metamaterial. This is specifically known as the effective medium approach. 
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Two most commonly used methods are the Maxwell-Garnett theory (MGT) [47] and the 

Bruggeman effective medium theory (EMT) [48]. When the inclusions embedded in the host is 

clear, dilute and have a well-defined shape, MGT can be used. When it is hard to distinguish the 

host and inclusion materials, the Bruggeman equation shall be applied. 

Figure 2-4 MGT more suitable situation and EMT more suitable situation 

 

When applying MGT method, it is very important to clearly define host material and 

inclusion. The governing equation can be expressed as: 

 
ε = εh +

1 + 2𝑓
𝜀𝑖 − 𝜀ℎ

𝜀𝑖 + 2𝜀ℎ
 

1 − 𝑓
𝜀𝑖 − 𝜀ℎ

𝜀𝑖 + 2𝜀ℎ

 

 

Eqn. 2-12 

 

Clearly, at the two extreme cases when f = 0 and f = 1, the host material and inclusion are 

not treated with equal weight. Thus to ensure valid estimation from the equation, the filling 

MGT more suitable EMT more suitable 
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fraction f should be much smaller than 1. According to this first order approximation equation, 

the plasmon resonance should occur at the frequency 𝜀𝑖 = −2𝜀ℎ. 

Bruggeman’s EMT method, however, treats the two components equally, and the 

equation can be written as: 

 

𝑓1
𝜀1 − 𝜀

𝜀1 + 2𝜀
+ 𝑓2

𝜀2 − 𝜀

𝜀2 + 2𝜀
= 0 

 

Eqn. 2-13 

 

And since: 

 
𝑓1 + 𝑓2 = 1 

 

Eqn. 2-14 

The solution of the above two equations can be expressed as: 

 

ε

=
1

4
{(3𝑓1 − 1)𝜀1 + (3𝑓2 − 1)𝜀2

± √[(3𝑓1 − 1)𝜀1 + (3𝑓2 − 1)𝜀2]2 + 8𝜀1𝜀2} 

 

Eqn. 2-15 

To satisfy causality for a passive material, the sign above is chosen to guarantee the imaginary 

part of the effective permittivity is positive.  

Moreover, Bruggeman’s EMT can predict the critical filling fraction for metals, often 

referred as the percolation threshold number. Electronically, the percolation threshold represents 

the minimum volume fraction that the conductive material needs to fill to form a continuous 
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pathway. This threshold number can be directly obtained by the EMT equation. For a 3D 

material, the number is 1/3. 

2.2.3 Drawn Metamaterials 

As discussed in section 2.2.1 and 2.2.2, the fiber drawing method can produce arrays of 

structures with large aspect ratios as well as nanoparticles with sizes less than 50 nm. Therefore, 

several types of metamaterial have already been fabricated by this particular method, including 

wire arrays [9] [10] [11], split-ring resonators [49] [50] and core-shell nanoparticles [51]. Applications of 

these structures include filters, hyperlens, magnetic single or double split rings, and special 

waveguides [8]. Core-shell nanoparticles could serve as building blocks for other metamaterial 

structures due to their small size and unique, tunable plasmonic properties. 

2.2.3.1 Wire Arrays 

Before the concept of metamaterial geminated, wire array structures have been applied to 

control electrical responses. It was until 1996 when the potential of metamaterials made of 

dielectric materials with embedded conductive wire arrays was discovered by Pendry et al. [1]. 

With the periodic size denoted as p (the distance between the centers of two wires) and the wire 

diameter denoted as d, the material is clearly anisotropic since the wires all align in one 

direction. When p is much smaller than the incident wavelength, the structure will behave like a 

dielectric material with a permittivity close to the host dielectric material if it is exposed to a 

transverse electric field (TE field). However, if the structure is exposed to a transverse magnetic 

(TM) wave, the electricity field is then polarized parallel to the wires to induce currents along the 

wires, resulting in a metallic behavior for the structure. Thus the permittivity along z direction 

can be determined by the Drude model.  
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Details of the model will be discussed in Chapter 3. But it should be noted that, in this 

case, the electromagnetic response of the structure becomes geometry dependent. Thus, with a 

rigorous design of the size, diameter, and the period of array structures, marvelous properties and 

functions can be obtained. There are some successful theoretical predictions, including: 

 Near-field imaging at IR frequency [9] [10] 

 Hollow core metamaterial waveguide [8] 

 Invisible material [52] 

There are also some successful fabrication stories: 

 Wire array metamaterials with plasmonic response at THz and Mid-IR [53] 

 Subdiffraction imaging and focusing at terahertz frequencies [11] 

Most established studies lie in wire array metamaterials with plasmonic responses. In 

2010, A. Tuniz et al. [9] first introduced drawing as a means of fabricating metamaterial and by 

co-drawing indium wires with a polymethyl-methacrylate (PMMA) cladding into a wire with a 

diameter of 10μm and a pitch size of 100μm. The team succeeded in producing more than 20 

meters of this fiber-form material, which has potential applications in THz imaging and thermal 

detection due to its high-pass filter capability. Later on in 2013 [10], the same team published their 

improved result. Using a lower drawing temperature during the drawing process, they managed 

to draw fibers with a diameter of 1μm and a spacing of 7μm  and also with a diameter of 2μm 

and a spacing of 5.7μm. Each fiber might contain 120 to 260 indium wires. These fine fibers 

have higher plasma frequencies in the 10-20 THz range, thus yielding a high-pass behavior. At 

lower frequencies, the reduction in relative transmission is about 20dB and the cut-off frequency 

is in mid-IR at about 15THz. Experimental results demonstrated that lower frequencies could 
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still be transmitted through, mainly due to the wire size variation in the fiber (possibly caused by 

the Plateau-Rayleigh instability and also the lack of precise control in the excessive etching of 

the PMMA cladding. 

As for the design of invisible materials, A. Tuniz et al. [52] theoretically propose a 

structure formed by hexagonally arrange 361 silver wires with a diameter d = 27nm and a pitch 

size p = 100nm in a silica cladding with a radius R = 1μm. When incident TE polarized light 

wavelength is exactly 633 nm, with the corresponding permittivity of silver wire εsilver =

−17.7 + 0.49𝑖 and εsilica = 2.123, the whole system would turn out to be almost “invisible” 

because the calculated effective permittivity equals to permittivity of vacuum. Simulation results 

further proves that excellent performance is maintained for ~10nm of bandwidth, or within a 

±10° variation in incident angle with respect to the normal incidence. In addition, visibility is 

significantly reduced over 100nm bandwidth comparing with either silver or silica. It should be 

pointed out that fabricating this kind of fiber could be very difficult due to the size of the 

features. And the performance of this metamaterial is limited by loss.  

Sub-diffraction imaging is another application for wire array metamaterial fibers. Most 

optical devices will have a resolution limited by the diffraction limit. It could be exciting to “see” 

objects with a size smaller than half of the diffraction limit size. Several mechanisms were 

proposed by many researchers including a perfect lens using NIM, an amplification of 

evanescent waves, and a transmittance of evanescent waves through the fiber. The wire structure 

can be more easily designed into this transporting devices to guide the radiation in a “pixel by 

pixel” way. It has been theoretically and experimentally verified that wire lens can transport 

subwavelength images without a significant distortion to nearly unlimited distances since the loss 
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is negligible and the resolution is only limited by the spacing between the wires. Even though 

metals lose their conducting properties, the nonlocal permittivity model enables the scaling of the 

wire lens structure into the smaller dimension and its functioning under a higher frequency 

range.  

There are some other promising fiber-based metamaterials for mass production, although 

currently not fabricated by fiber drawing methods. Examples include silver wire NIM (the wire 

diameter and the pitch are 60nm and 110nm respectively), currently fabricated by electroplating 

silver into porous alumina [7].  A sample size as large as 12μm by 12μm horizontally and 11μm 

in height was realized. Under a TM wave propagation with a wavelength between 660nm and 

780nm, the material clearly demonstrated a negative refraction index. This flat NIM bulk 

material has potential in sub-wavelength imaging. However, electroplating could be extremely 

time-consuming and only suitable for thin samples, thus making it difficult to scale up. 

Moreover, the process requires the use of porous alumina, whose pore locations are hard to 

control precisely even with electrochemical anodization. 

Another example is a waveguide structure with surface-plasmon-resonances (SPR) [8], 

currently achieved by pumping molten gold or silver into narrow hollow channels of “holey” 

photonic crystal fibers (PCFs) made from silica glass. This method, governed by capillary force, 

requires high pumping pressure since metal and dielectric material usually do not wet well with 

each other. The metal melting temperature in this procedure is around 1100 ℃, and the pumping 

pressure is around 60 bar. The penetration depth is reported to be routinely around 40 mm for 

metal wires with a diameter of 550nm, 980nm, and 1520nm. Although under scanning electron 

microscope (SEM) inspection the metal is not always continuous, it does not affect the 

plasmonic response much. The pitch between the metal wires is around 2.9μm. The successfully 
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fabricated array of nano metal wire has an ability to shift SPR to wavelengths in the range of 

lowest overall absorption, preventing light leaking in the guiding mode. The transmission loss of 

the structure is lower than that of a pure silica rod of comparable size inside silver or other highly 

reflective metal coating. If the major challenge in fiber drawing method is overcome, it will be 

easier to fabricate this kind of waveguide with little longitudinal dimension limit. 

Another team has theoretically proposed a metal-wire metamaterial structure, which is 

composed of a hollow-core fiber and a metal-wire based metamaterial cladding [54]. This 

structure is called “hybrid-clad fiber”, and it has a dielectric part with a permittivity of ε = 6.25 

and silver with a permittivity of ε = −2951 + 1654i at the incident wavelength of a CO2 laser. 

With a core diameter of 700μm, a metamaterial cladding as thin as 0.625μm, and a metal wire 

spacing of 0.125μm, the TM mode is confined pretty well inside the fiber core, especially when 

the metal filling fraction is small. With a fixed cladding thickness, the small metal filling fraction 

is equivalent to small metal wire diameter that might potentially reach nanoscale. They also 

reported a smaller transmission loss of this design than the case of wrapping the dielectric core 

with a pure silver cladding. The simulation result suggested that the metamaterial layer in this 

design could serve as an efficient TM reflector, thus reducing the propagation loss of TM mode 

by two orders of magnitude. Therefore the whole structure could be used for IR waveguide with 

a loss much smaller than conventional products available in the market. The fabrication could be 

troublesome, but might still be feasible using the fiber drawing method. 

2.2.3.2 Split-ring structures 

Besides the wire arrays produced by fiber drawing, split-ring resonators (SRR) and 

double split-ring resonators (DSRR) have also been brought to existence. These drawn magnetic 
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metamaterials are produced starting by making a preform with wrapping an indium foil around a 

PMMA tube and then inserting a polymer rod to maintain the gap between the foil ends [50]. To 

make a DSRR, a second sheet of indium is wrapped around in a similar manner. Then the 

assembly is inserted into a polycarbonate (PC) tube. The preform, after one or two times of 

drawing, eventually reaches the size of less than 500μm. The resonator fibers were then 

manually assembled into arrays with one fiber thick and several centimeters in size. They are 

then characterized with THz-TDS. The transmission of the array was measured, and magnetic 

resonance was observed in the 100-500 GHz frequency region. It is believed that the difference 

is caused by the size and structure of the resonators. 

2.2.3.3 Core-shell nanoparticles as building blocks for metamaterials 

As is mentioned earlier in section 2.1, instability tends to cause the liquid core to break 

into droplets during fiber drawing. This can be a major block in the landscape of producing 

indefinitely long nanowires with smooth and uniform surfaces. However, it could also be used as 

a way for fabricating nanoparticles with a dielectric shell. R. Paniagua-Dominguez et al [51]. 

proposed a 3D, isotropic metamaterial with strong electric and magnetic responses at the optical 

regime, utilizing spherical metallo-dielectric core-shell nanospheres. They selected silver as the 

core and silicon or germanium as the shell. The magnetic response stems from the lowest 

magnetic dipole resonance of the dielectric shell with high refractive index and the plasmonic 

resonance generated by the metal core, thus responsible for the electric response. Since the total 

response does not depend on the coupling between each meta-atoms, no particular periodic 

arrangement is required, and the core-shell nanoparticles can be dispersed randomly as long as 

the desired filling fraction is satisfied. The simulation result shows that the proposed 

metamaterial offers a negative index within an incident wavelength range of 1.2 – 1.55μm. 
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As concluded in the paper [51], for the Ag@Si core-shell system, the best results lies in the 

range when the core diameter is around 40 – 50 nm and the outer shell diameter is between 1150 

– 1300 nm. In this configuration, the electric and magnetic resonances overlap resulting in a 

negative refraction index under the incident wavelength. As for Ag@Ge case, the best results lies 

in the range when the core diameter is around 50 – 60 nm and the outer shell diameter is between 

1500 – 1620nm. 

Moreover, for Ag@Si core-shell nanoparticles, when the filing fraction becomes higher 

than 1/3, the particle system simultaneously obtains negative permittivity and permeability. For 

the Ag@Ge combination, the threshold filling fraction is even lower due to stronger electric and 

magnetic responses. 

Although theoretical predictions are very appealing, there are still a few difficulties in 

implementing fiber drawing technology to produce these metal-dielectric core-shell 

nanoparticles. First, the core size has to be pretty uniform, which is challenging if the fabrication 

process is purely based on fiber drawing. Second, excessive cladding material needs to be etched 

out via chemical etching. The control of time, size and shape could be problematic. Third, while 

the core-shell nanoparticles can serve as building blocks for metamaterials, an effective way to 

bound or arrange them is still needed to assemble and implement the particles to functional 

devices. 

2.3 Summary 

This chapter first reviews the history, concept, fabrication method of metamaterial, 

especially optical metamaterial. Then the fundamental concepts of material response to incident 

EM waves are covered including relevant parameters in defining the optical properties of 
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materials, the Lorentz model for dielectric material, and the Drude model and also the revised 

Drude model for metal. The two effective medium calculation methods were especially 

discussed and compared. Then the three most well-known drawn metamaterial structures were 

reviewed regarding both fabrication and theoretical prediction with existing limitations and 

challenges. 
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Chapter 3 Material Selection Criteria and Optimized 

Optical Properties 

From the definition of metamaterials, structures may seem to be more important than the 

constituent materials. From the point of view of design for function, the materials should be 

properly selected and combined so that the incident EM wave could penetrate and interact with 

the structures. From the point of view of design for manufacturing, the material combination 

should be suitable for the fiber drawing process. This Chapter will not only summarize material 

selection criteria for drawn optical metamaterials in mid-infrared to the visible light domain, but 

also propose some alloys as possible material choices when considering their advantages in 

fabrication. 

3.1 Dielectric Material  

In some metamaterial designs, no dielectric material is needed. But this is not the case for 

metamaterial fabricated using thermal drawing. The dielectric cladding, without which there is 

no way for molten metal to flow and form thin wires with a diameter less than 100 microns, is 

crucial during the drawing process. After the material is successfully fabricated, the dielectric 

matrix also supports the structure from deformation as well as contamination and corrosion. 

Therefore, the materials properties must be thoroughly considered. 

To select a proper dielectric material, the following attributes can serve as a general guide: 

 Transparency 

 Extinction coefficient 
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 Suitable refraction index 

 Melting temperature/glass transition temperature 

 Temperature dependent viscosity 

The functioning of optical metamaterial depends on the interaction between the incident 

EM wave and the “meta-atoms”. If the dielectric matrix is opaque, EM wave will not propagate 

through the entire material, making the design useless. A lot of ceramics are transparent from 

mid-IR to visible domains. It should also be pointed out that many polymer materials are also 

transparent in mid-IR to visible domains. 

The extinction coefficient of the dielectric material is also important because it indicates 

the transparent level of the dielectric material. When a light is passing through a material, energy 

loss will occur. If the transparent level of the material is low, the material may not be very 

suitable to be employed as a building block of optical metamaterial since too much of the energy 

will be wasted. 

It is also necessary to check the refractive index of the material. Refractive index plays a 

very important part in the energy mode distribution of the periodic structures. In most cases, a 

lower refractive index means a lower loss of the design. But sometimes materials with a high 

refraction index are intentionally selected to fulfill special design needs. 

Melting temperature and viscosity should also be considered for fabrication purpose. To 

be co-drawn with a metal inclusion, the viscosity of the dielectric cladding needs to be within the 

range of  102.5 to 106 Pa-s so that it is neither too high making the whole preform hard to pull 

down nor too low causing the flow to become uncontrollable during drawing. It is after the glass 
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transition temperature that the dielectric material becomes viscous. The temperature-dependent 

viscosity after the glass transition is important. 

 3.2 Metal Selection Criteria 

There are also many factors that need to be considered when selecting a proper metal, 

including: 

 Optical properties of the metal 

 Melting temperature 

 Chemical reactivity in its molten state 

To start with, optical properties should be checked first since it is directly related to the 

function. As discussed earlier in section 2.3.2.2, it is mentioned that the optical property of metal 

has a complex dielectric function. It is possible to excite a surface plasmon resonance at any 

frequency when the real part of permittivity is less than zero. In designing metamaterials with 

metal wire array structures or core-shell nanoparticles, a parameter QLSP [55] is used as the quality 

factor for localized surface plasmon (LSP) related applications, such as “poor man’s” superlens 

and subwavelength resolution imaging. The value of  QLSP can be calculated by the equation: 

 
QLSP = −

𝜀′(𝜔)

𝜀′′(𝜔)
 

 

Eqn. 3-1 

 

This value is of course frequency-dependent. Thus, the maximum LSP quality factor would be 

helpful in selecting the metal for metamaterial design. For noble metals that satisfy the Drude 

model, 
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QLSP

𝑚𝑎𝑥 =
2(𝜔𝑝

2 − 𝛾2)
1.5

3𝛾𝜔𝑝
2√3

 

 

Eqn. 3-2 

 

For gold and silver that have a more complicated interband transition behavior, the equation 

evolves into: 

 

QLSP
𝑚𝑎𝑥 =

2(𝜔𝑝
2 − 2𝛾2[1 +

𝛼
𝜋𝜇])

1.5

3𝛾𝜔𝑝
2√6(1 +

𝛼
𝜋𝜇)

 

 

Eqn. 3-3 

 

where α describes the number of electrons involved in the transition. 

As shown in Figure 3-1, QLSP
𝑚𝑎𝑥

 is presented for all non-group-f metals. 

 

Figure 3-1Max Qlsp for all non-group-f metals [55] 
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Figure 3-1 suggests that alkalis have the best quality factor, but they are almost 

impractical in fabrication. Gold and silver have significant interband transitions, and copper 

follows. Aluminum operates best at very high frequencies. 

The melting point of metals should also be carefully considered. Obviously, since the 

melting temperatures of these noble metals are very high, only some particular glass and quartz 

could survive while serving as the cladding. Therefore the number of dielectric materials that can 

be used as the cladding is limited. Metals like tin, indium, and lead, however, does not have high 

melting temperatures. From Figure 3-1, their QLSP
𝑚𝑎𝑥

 values are low but better than average. 

The low melting temperatures of these three metals make them much easier to select cladding 

dielectric materials. Many polymers are suitable for drawing these three metals into wire arrays. 

Possible chemical reactions between metals and their potential dielectric cladding must 

not be neglected. An example is aluminum as its melting temperature is around 660℃, which is 

too high to be drawn with polymers as the cladding. Glass, with a much higher glass transition 

temperature, meets the drawing temperature and viscosity requirement. However, glass cannot be 

used as the cladding material as well since molten aluminum reacts with SiO2, forming alumina 

and silicon. Oxidization of metals by the surrounding air is also a limiting issue because the 

oxidation layer, once formed, will stay in the form of solid under the drawing temperature to stop 

the flow, possibly interrupting the continuous drawing process. The oxidation layer could also 

affect the optical property of the fabricated metamaterial significantly by inducing more energy 

loss and more scattering inside the structure. In this regard, copper and silver are less favorable 

than gold because they are more chemically reactive to air, especially under high temperatures. 
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But if the drawing process could be carried out in an environment with a protective gas or 

vacuum, metals like silver and copper are still suitable for drawing. 

3.3 Alloy as a Better Choice from the Fabrication Point of View 

It is well studied that for alloys, the existence of multiple phases would cause the 

QLSP
𝑚𝑎𝑥

 value to decrease, affecting the performance of the meta-atoms and thus the whole 

metamaterial. But alloy systems do have two huge advantages during fabrication. First, the 

melting temperature of an alloy, in most cases, is lower than the melting temperature of any of 

the composing metal elements. In cases when metal inclusions are hard to melt, cladding could 

be extremely to find, not to mention the commercial vendors usually do not supply dielectric raw 

materials in a tube form. Extra steps may need even to form a preform. The liquidus temperature 

drop induced by alloy elements would widen the selection of cladding materials and facilitate 

preform fabrication. Second and more importantly, some alloys with a suitable composition, 

when heated up to a temperature in between the liquidus and solidus temperatures, becomes a so-

called semi-solid mixture. A semi-solid material can be categorized as the thixotropic fluid that 

sheers when flowing but thickens when standing. The viscosity will increase in this region. 

According to the Tomotika model, a higher viscosity of the metal helps inhibit instability. 

Considering that a huge viscosity difference between the outside cladding and the inside molten 

metal is prohibiting researchers from fabricating indefinitely long metal nanowires, an 

enhancement in metal viscosity can lift the chance for success. 

For most optical metamaterials to function, the wire diameter needs to be at 10μm or 

smaller. Considering that so far no long enough nanowires of pure metals have been fabricated 

yet, the fabrication advantages outweigh the optical property disadvantages when using alloys 
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instead of pure metals. Not to mention that the optical properties of some noble metals are in fact 

quite acceptable. It is shown [55] that if the materials are nanograined, they can be effectively 

modeled by a linear combination of the dielectric functions of the constituent metals, weighted 

by their respective stoichiometries, with an additional damping term to simulate the scattering by 

grain boundaries. Examples include AuCu, AuAg and AgCu alloys. In these alloys, the metals 

with larger interband transitions dominated the spectra. And the order of transition strength is 

Cu > Au > Ag. Cu-doped with Al also shows unique transition properties. 

3.4 Summary 

In this Chapter, the material selection issues for metamaterial made of dielectric matrix 

with embedded metal wire array are discussed in details. Several selection criteria are proposed 

with scientific explanations. More importantly, noble metal-based alloys were proposed as 

possible material candidates from a fabrication point of view. No literatures have ever covered 

the pros and cons using these alloys for optical metamaterials. But due to the unique fabrication 

advantages of alloys, they might have a higher chance of realizing optical metamaterial 

structures based on metal wire arrays in the near-IR and even visible range.  



38 
 

Chapter 4 Design of Wire Array Metamaterial Using  

Noble Metals Based Alloys 

4.1 Effective Optical Properties of Metallic Nanowires 

For metallic nanowires embedded in a dielectric matrix, as shown in the schematic below 

in Figure 4-1, the wire radius r, and the distance d between the wires are much smaller than the 

incident wavelength λ0. The structure could thus be treated as an effective medium. Moreover, 

Maxwell-Garnett theory is more suitable for the material because the wires are aligned inside the 

host dielectric medium with a much smaller volume fraction. 

Clearly, the structure is inhomogeneous because the wires align only along one direction 

(longitudinal). Therefore the permittivity of the material parallel to the wire direction ε// and the 

permittivity perpendicular to the wire direction ε⊥ are apparently different. 

Equations for calculating ε// and ε⊥ are listed below: 

 

ε// = 𝑓𝜀𝑚 + (1 − 𝑓)𝜀𝑑 

 

Eqn. 4-1a 

 

ε⊥ = 𝜀𝑑 +
𝑓𝜀𝑑(𝜀𝑚 − 𝜀𝑑)

𝜀𝑑 + (1 − 𝑓)(𝜀𝑚 − 𝜀𝑑)𝑞𝑒𝑓𝑓
      

 

Eqn. 4-1b 
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1
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2𝜋𝑟
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)
3

𝑖 

 

Eqn. 4-1c 
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 In the Cartesian coordinate system, εx and εy can be set to equal to  ε⊥ while εz can thus 

be equal to ε//. 

To design negative refraction and imaging, it is crucial to have a broad spectral region 

satisfying ε// ∙  ε⊥ < 0. 

4.2 General Theory of All-angle Negative Refractive Index 

Assuming the incident EM wave is a plane wave with a frequency of  ω and a wave 

vector of  �⃑� . The electrical and magnetic field can be expressed as follows respectively: 

 
�⃑� = 𝐸0

⃑⃑⃑⃑ 𝑒𝑖(𝑘∙⃑⃑  ⃑𝑟 −𝜔𝑡) 

 

Eqn. 4-2a 

 
�⃑⃑� = 𝐻0

⃑⃑ ⃑⃑  𝑒𝑖(𝑘∙⃑⃑  ⃑𝑟 −𝜔𝑡) 

 

Eqn. 4-2b 

 

If we assume the wave vector �⃑�  lies in the x-z plane, based on the condition that the transverse 

magnetic field �⃑⃑�  satisfies the �⃑� ∙ �⃑⃑� = 0,  �⃑⃑�  and �⃑�  can be expressed more clearly as: 

 
�⃑� =

𝐻0

𝜔𝜀0
(
𝑘𝑧

𝜀𝑥
𝑖̂ +

𝑘𝑥

𝜀𝑧
�̂�) 𝑒𝑖(𝑘𝑥𝑥+𝑘𝑧𝑧−𝜔𝑡) 

 

Eqn. 4-3a 

 
�⃑⃑� = 𝐻0𝑗̂𝑒

𝑖(𝑘𝑥𝑥+𝑘𝑧𝑧−𝜔𝑡) 

 

Eqn. 4-3b 

And the permittivity tensor of the uniaxial material can be expressed as: 
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𝜀 = ε0 (

𝜀𝑥 0 0
0 𝜀𝑦 0

0 0 𝜀𝑧

) 

 

Eqn. 4-4 

Thus, the time-averaged Poynting vector for TM waves can be expressed as: 

 
〈𝑆 〉 =

1

2
�⃑� ∙ �⃑⃑� ∗ =

𝜀 ∙ �⃑� 

2𝜔𝜀0𝜀𝑥𝜀𝑧
𝐻0

2 

 

Eqn. 4-5 

And from Maxwell’s equations the dispersion relation for TM waves is: 

 

𝑘𝑥
2

𝜀𝑧
+

𝑘𝑧
2

𝜀𝑥
=

𝜔2

𝑐2
 

 

Eqn. 4-6 

where c is the light velocity in vacuum. 

When εx > 0 and εz < 0, the material is called an “indefinite material.”  In this case, the 

equi-frequency contour of the medium is hyperbolic in the (kx, 𝑘𝑧) plane, and any real kx 

mathematically guarantees a real kz solution. Thus the wave can propagate without any cutoff. 

When a TM wave incident from a normal isotropic material enters such an indefinite 

material, according to the causality principle, energy must flow into the interface between the 

two materials and then flow away from the interface. With a negative εz and a continuous kx, the 

sign of Sx should alter right at the interface, which results in a negative refractive index. 

The refractive index of the wave vector and Poynting vector can be calculated by 

equations below: 
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θr,k = tan−1(

𝑘𝑥

𝑘𝑧
) 

 

Eqn. 4-7a 

 
θr,S = tan−1 (

𝑆𝑥

𝑆𝑧
) = tan−1(

𝑘𝑥/𝜀𝑧

𝑘𝑧/𝜀𝑥
) 

 

Eqn. 4-7b 

4.3 Theoretical Study on Properties of Alloy Wire Array  

As discussed in section 2.3.4, in order to be successfully drawn to micro or even 

nanoscale, the metal and the dielectric combination should satisfy several criteria. Thus, so far 

gold, silver, indium and tin are the most common ones to be experimented with. The first two 

have better optical properties while the last two are considered easy to draw. 

As noted in Chapter 1, a more viscous core during drawing could suppress the instability 

more and the metal core within would have a better chance being steadily drawn to less 

than1μm. 

Pure molten metals have a very low viscosity. However, for quite a few alloys with a 

semi-solid state between the liquidus and solidus points, they could have a higher viscosity in 

this semi-solid state. As discussed earlier, if the grain of the alloys is in nanoscale, those nano-

grained alloys can be effectively modeled using a linear combination of the dielectric functions 

of the constituent metals weighed by their respective stoichiometries, with an additional damping 

term for the scattering by grain boundaries. 

  Therefore, noble-noble metal-based alloys, in theory, could conserve the desired optical 

properties while offering a better drawing condition in the semisolid state. Randomly oriented 

AuCu, AuAg, and AgCu alloys were studied by Rivory [59] both theoretically using the coherent 
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potential approximation (CPA) and experimentally by evaporation onto glass substrates. Later 

on, more optical property data of Au-Ag alloys were also studied with spectroscopic ellipsometry 

measurements by Pena-Rodriguez et al [56]. 

4.3.1 Ag-Au Alloy 

 

Figure 4-1 n and k values of silver-alloy with different atomic percent [56] 

 With the n and k values provided [56], the permittivity of the alloy could be calculated. 

Assuming the dielectric constant of the cladding is ε𝑑 = 2.4 and the filling fraction f equals to 

0.227 and 0.325. The permittivity of the structure under different incident wavelengths is thus 

calculated using equations 4-1 to 4-4. 

The calculated results are presented in Figure 4-2 and 4-3 below. The separated plot sets 

for each different alloy composition are enclosed in Appendix A. 
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Figure 4-2 Dielectric constants of silver-gold alloy wire array with filling fraction at p=0.227 
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Figure 4-3 Dielectric constants of silver-gold alloy wire array with filling fraction at p=0.325 

 

As shown in Figure 4-1 to Figure 4-3, pure silver, pure gold and Ag-Au alloy all satisfy 

the requirement of  ε⊥ ∙ ε∥ < 0 within a broad spectral region. Pure silver obviously has the 

largest spectral region while pure gold seems to have the smallest. Their alloys have a spectral 

region with sizes lying in between them. If the filling fraction remains constant, the critical 

frequency at which 𝑅𝑒(𝜀∥) = 0 as well as the resonance for a shift to a shorter wavelength as the 

atomic percent of silver increases. For the same material, when the filling ratio increases, the 

critical frequency shift to a shorter wavelength. For example, for pure silver, the critical 
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wavelength with a 0.325 metal filling fraction is around 400nm, which is smaller than 500nm 

when the metal filling fraction is 0.277. 

The imaginary part is more related to the resonance frequency. Pure silver has the largest 

resonance frequency while pure gold has the smallest resonance frequency. When metal filling 

fraction is higher, resonance frequency decreases.  

A simple conclusion is that the properties of Au-Ag alloy lie in between the two pure 

metals. Therefore, based on the Au-Ag phase diagram, when the atomic percent of gold lies in 

the range of 30 to 70, the alloy has a semisolid zone, and the melting temperature is acceptable 

for co-drawing with silica cladding. Therefore there exists a semisolid state drawing window as 

shown in Figure 4-4. 

Figure 4-4 Phase diagram of gold-silver alloy [57] 
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4.3.2 Ag-Cu Alloy 

A similar conclusion could be drawn for Ag-Cu alloy system. From the data provided by 

Rivory, when copper occupies 8 atomic percent in a silver matrix, the reflectance and 

transmission were measured, and thus the permittivity calculated. 

The imaginary part of the dielectric constant and the optical loss were provided as shown 

in Figure 4-5. 

 

Figure 4-5 Imaginary part of the total dielectric constant ε2 for Ag-Cu alloys with Cu at.%: 6(•), 

8(□), 30(▪), 43(○) and for pure Ag(Δ) [55] 
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Figure 4-6 Optical energy-loss for Ag-Cu alloys with Cu concentrations in at.%: 8(•), and 30(Δ), 

for pure Ag(□) and the Ag-8-at.%-Cu alloy after annealing(○) [55] 
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 When the Cu concentration is 8 at. %, according to the alloy phase diagram, there’s 

approximately a 150 ᵒC window for a semisolid state drawing. 

 

Figure 4-7 Phase diagram of Ag-Cu alloy 

Using the dielectric constant data of this 𝐴𝑔92𝐶𝑢8 alloy and assuming same dielectric 

material and filling ratio, the dielectric tensor of the wire array is shown in Figures 4-8: 
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Figure 4-8 Dielectric constant of Ag92Cu8 wire arrays 

A similar conclusion as in the Ag-Au case could be drawn judging from Figure 4-8. 

Although the critical frequency falls at a larger wavelength when compared to Ag-Au alloys, a 

range that satisfies indefinite material requirements still exists. Moreover, the drawing window is 

much larger than that of the Ag-Au alloy, which enhances the feasibility in fabrication point of 

view. 

4.4 COMSOL Simulation Results 

The simulation was carried out using the wave optics module in COMSOL 5.0. 
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The pitch between wires are designed to be 110nm and the diameter of the wire to be 

55nm, making the filling fraction to be exactly 0.227. 

It is already theoretically and experimentally validated by Liu et al. that if the wire 

material is pure silver, under a TM wave propagation, the material will show negative refraction 

behavior. 

This thesis focuses more on alloys with a semisolid region. Ag66Au34 is first studied 

considering itslargest semisolid region in gold-silver alloy family. The incident wavelength is 

selected to be 800nm based on the critical wavelength from Figure 4-2. 

3D model would be more convincing. But since the model is composed of too many 

nanowires, after meshing it becomes very heavy for simulation. Thus a 2D cross-section is cut to 
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demonstrate the performance. The incident angles of 15 degrees and 30 degrees are selected. 

 

Figure 4-9 Electric field norm at 15-degree incidence 
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Figure 4-10 Electric field norm at 30-degree angle 

 

Clearly, light is bent in a way different from what it should look like passing through a normal 

material. And therefore, it can be regarded as negative refraction material. The energy loss is acceptable 

in this case. The only obstacle is that the semisolid window for this alloy is only around 20℃. 

If the wire material is replaced by Ag92Cu8 alloy, and the incident wavelength is to be 

700nm according to Figure 4-8, the result is shown in Figures 4-11 with an incident angle of 0 

degree. 
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Figure 4-11 Electric field norm with 0-degree incident angle 

  

Since the energy loss is pretty huge, it is almost impossible to identify the electric field 

after it propagated through the material. Yet the concentrating and bending trend can still be 

clearly seen. For this particular NIM to work, a thinner structure is required. 
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Figure 4-12 Electric field norm with 0-degree incident angle on the thinner structure 

  

When the thickness is reduced to half of the original thickness, the loss is slightly reduced and it 

can be clearly seen in the plot that the norm electric field is concentrated and focused towards the 

vertical axis. 

4.5 Summary 

In this Chapter, the theoretical calculation of the effective permittivity of alloy wire array 

is first performed in Matlab. Simulation results are also provided. The study suggests that noble 
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alloys offer reasonable optical performances. Since most of these alloys need to undergo a semi-

solid region once heated up, they can be good candidates for fabricating wire array metamaterials 

through thermal drawing. 
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Chapter 5 Exploring Fabrication Difficulties for Desired 

Materials 

While thermal drawing is promising to fabricate wire array metamaterials, many 

fabrication obstacles still exist. Potential fabrication difficulties could result in defects in the 

structure. This chapter will cover this major problem in wire array fabrication and also discuss 

how various defects affect the performance of the structure. 

5.1 Temperature Gradient along the Radial Direction in the Wire Array Cross-

section 

During the fiber drawing process, a preform is heated up, melted and drawn into fibers 

with a much smaller diameter. During this heating and drawing process, the temperature of the 

preform along the radial direction could be spatially different, depending on the furnaces. The 

temperature of the cladding surface would be the highest considering since it is closest to the 

heating elements in the furnace wall, while the temperature in the center of the preform would be 

lowest. As noted in Chapter 2, the capability of current simulation programs cannot successfully 

analyze the whole drawing process for a preform with metal inclusions. When there are multiple 

wires inside the preform, it is even more complicated. To make the simulation more realizable, a 

moving ring heat source is assumed, and the deformation during drawing is not considered. The 

simulation demonstrated that in the preform state, even before the necking occurs, the 

temperature difference along the r-direction already exists. 

For example, for a preform containing seven wires heated up with a moving ring heat 

source, when the material combination is polyethersulfone (PES) and tin, the temperature profile 
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is shown in Figure 5-2. The diameter of the preform rod and the metal inclusions is 1.905 cm and 

0.28575 cm respectively. 

 

Figure 5-1 Geometry of the model on which FEA is performed 

 

To determine the temperature profile inside the preform when r-coordinate is different, a moving 

ring heat source heating situation is assumed. The detailed procedure including a benchmark study is 

included in Appendix B. 
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Figure 5-2 Temperature profile at different position 

 

From the temperature profile, the temperature difference between the outer rim of the 

cladding and the center of the preform is as large as 25℃ while the temperature difference 

between the middle metal rod and the surrounding metal rod is 5℃.  

5.2 Potential Problems caused by a Temperature Difference 

 The isothermal contour in Figure 5-3 demonstrates the temperature distribution in a better 

way. The profile of an isothermal plane is a bell shape pointing away from the heating source. 

While the z-coordinate is the same, the temperature is different. 
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Figure 5-3 Isothermal contour at steady state 

  

The temperature profiles raise a concern that each wire at different locations may 

experience different drawing temperatures for a metal wire array inside a preform. Because if the 

temperature is uniform along r-direction, the isothermal surface should be flat. For pure metal, 

the temperature difference results in more instabilities in those fine wires at higher temperatures. 

For alloys, the problem is more complicated since the viscosity of alloys is no longer a near 

constant but a more temperature dependent variable. A higher temperature results in a lower 

viscosity. Therefore, the closer the metal is to the outer rim, the lower the viscosity. Thus the 

drawing of these wires near the outer rim would be more difficult than the inner ones. If the 
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temperature gradient is too large, it is very likely that the alloy won’t be able even to stay in the 

semi-solid region. 

The temperature difference could be a big reason why the diameter of wires in an array 

could fluctuate, and some wires are even broken. 

Although in the later drawing process, the deformation in the necking zone could reduce 

the temperature difference mainly due to size shrinkage on the R-direction, the difference is still 

not negligible. 

One specific solution to the problem is to add a thicker cladding jacket for wire arrays. 

The thick cladding makes the heating more uniform. But it could also induce other problems like 

slow heating. 

5.3 Influence of Missing Wires and Non-uniform Wire Diameters on Optical 

Properties 

As derived from the equations in Chapter 4, tiny fluctuations in fiber diameters should 

not matter much as long as the scale is much smaller than 1/10 of the incident wavelength. It 

seems that only the filling fraction matters. But that is based on the assumption that the radius of 

wires is not varying along the z-direction. If the size is also varying along the z-direction, the 

parallel wire requirement for the magnetic field interaction will fail, causing the structure to 

malfunction. 

When one or more wires are missing, the defect becomes too severe to be neglected. If 

one wire is missing in the wire array structure, by comparing the normal electric field, power 
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flow, and energy dissipation density, the simulation results of the 2D cut-plane demonstrated that 

the energy loss at the defect area is huge, and the whole EM response is altered. 

 

Figure 5-4 Electric field norm when no defects exist 
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Figure 5-5 Electric field norm when one wire is missing 

 

 By comparing Figure 5-4 and 5-5, the missing wire region significantly distorted electric 

field flowing through. In Figure 5-4, a concentration phenomenon can be clearly seen, indicating 

the material can be potentially used as a lens. But no concentration phenomenon can be found in 

Figure 5-5. 

Although the 2D cut-plane result is a little bit exaggerating comparing to real 3D results, 

as the one missing wire in 2D cut-plane represents a whole array of missing wires. Still, missing 

wires are problematic to f obtain good quality NIM with  a stable performance. 
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Figure 5-6 Difference in real 3D case and the 2D model when a wire is missing 

5.4 Summary 

Temperature difference among the wires along the radial direction during thermal 

drawing could induce problems for drawing, especially for alloys. The temperature sensitive 

viscosity in the semi-solid region needs to be fully considered for drawing. A thicker cladding 

could potentially migrate the problem. Defects are however usually difficult to avoid during 

drawing. While a tiny scale defect would not harm the structure too much, missing wires are not 

tolerable for the metamaterials to function properly. 

  

Real 3D Missing Wire situation Cut-plane 2D Missing Wire model 
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Chapter 6 Conclusions and Recommended Future Work 

Motivated by an intriguing hypothesis that using alloys with a semi-sold region could 

make possible the wire array metamaterial fabrication through fiber drawing process, this 

research aims at exploring the potential benefits and problems that could be brought about by 

using alloys and evaluate if the benefit outweighs the problem. The ultimate goal is to lay a solid 

theoretical and simulation foundation to guide a successful fabrication of alloy wire array 

metamaterial via thermal drawing. 

First, a material selection general guideline for metamaterial made of dielectric matrix 

with embedded metal array was established. Compared to available literature, this guideline not 

only considers the selection criteria in terms of optical properties, but also the selection criteria 

from a fabrication point of view. In fact, the fabrication potential of the material is paid more 

attention to than any other existing criteria. 

Then two alloy systems are identified according to the material selection criteria for 

further study. Their optical performances are calculated. In the meantime, the alloy phase 

diagram was used to identify the semi-solid processing temperature window. The simulation was 

carried out to find out if the negative refractive index can be obtained. 

Further exploration was taken on how the temperature difference caused by the in-

furnace fabrication would affect the quality of the wire array product. Moreover, the effects of 

several potential defects are also studied. The study suggests that size variation, if under the sub-

wavelength scale, might not severely affect the metamaterial performance. But missing wires 

would damage the final performance significantly. 
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For future study, the first milestone would be to utilize the results in this thesis as a 

guidance for an experimental study. If the metamaterial designs are validated or imporved by the 

experiments, the metamaterial products could be used in numerous applications as discussed 

earlier in Chapter 2. The second milestone would be to optimize the product under different 

functioning wavelengths. The third milestone would be to establish a stable process that can 

eliminate defects to the largest extent. 
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Appendix A. Plot Sets for Effective Dielectric Constants of 

Different Alloy Wire Arrays 

 

Figure A-1 Effective permittivities for Ag0Au100 nanowires embedded in an alumina matrix with 

two different filling ratios. 
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Figure A-2 Effective permittivities for Ag8Au92 nanowires embedded in an alumina matrix with 

two different filling ratios. 
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Figure A-3 Effective permittivities for Ag15Au85 nanowires embedded in an alumina matrix with 

two different filling ratios. 
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Figure A-4 Effective permittivities for Ag24Au76 nanowires embedded in an alumina matrix with 

two different filling ratios. 
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Figure A-5 Effective permittivities for Ag35Au65 nanowires embedded in an alumina matrix with 

two different filling ratios. 
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Figure A-6 Effective permittivities for Ag48Au52 nanowires embedded in an alumina matrix with 

two different filling ratios. 
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Figure A-7 Effective permittivities for Ag66Au34 nanowires embedded in an alumina matrix with 

two different filling ratios. 
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Figure A-8 Effective permittivities for Ag74Au26 nanowires embedded in an alumina matrix with 

two different filling ratios. 
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Figure A-9 Effective permittivities for Ag85Au15 nanowires embedded in an alumina matrix with 

two different filling ratios. 
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Figure A-10 Effective permittivities for Ag100Au0 nanowires embedded in an alumina matrix with 

two different filling ratios. 
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Appendix B COMSOL Model Setup 

Model setup: 

1. First the geometry, material and parameters are defined. 

Table 1 Model Parameters 

Parameter Name Value Description 

T_room  300[K] Room temperature 

 

h_air 10[W/m^2/K] Convection coefficient of air 

 

D0 0.01905[m] Diameter of cylinder 

 

r0 D0/2 Radius of cylinder 

 

k_PES 0.18[W/m/K] Thermal conductivity coefficient of 

cylinder 

v1 10e-6[m/s] Feeding speed 

 

rho_PES 1370[kg/m^3] Density of PES 

 

Cp_PES 1800[J/kg/K] Specific heat of PES 
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alpha k_PES/rho_PES/Cp_PES Thermal diffusivity of PES 

 

l_furnace 0.025[m] Half of furnace length 

 

q_area 1269.7[W/m^2] Heat flux per unit area 

 

r_tin 0.15*r0 Radius of tin rod inside 

 

k_Sn 0.682[W/cm/K] Conductivity coefficient of tin 

 

rho_Sn 7290[kg/m^3] Density of Tin @ T=350K 

 

Cp_Sn 266.63[J/kg/K] Specific heat @ T=350K 

 

 

The preform is a long cylindrical rod. The length of the rod is carefully selected to 

approximate infinitely long rod assumption. Seven tin wires are embedded inside the PES 

cladding. The heat source is a cylindrical ring with thickness of 0.025 m. The preform is moving 

at a speed of 1μm/s towards positive z direction, simulating the lowering preform into furnace 

for heating step in the experiment. 
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Figure B-1 Geometry of the sample 
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Figure B-2 Demonstration of heating 

Initial temperature of the preform assembly is the same as room temperature. And during the 

heating, thermal convection occurs simultaneously on all the surfaces, 

 

  

q 

v 
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