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CHAPTER 1 INTRODUCTION 

In the history of science, the first application of an optical microscope to investigate Nature 

marked the beginning of a new era. The fascinating microscale features observed with this newly 

developed instrument were initially questioned but then accepted and interpreted by indirect 

measurement. With more and more understanding of the physical laws and relationships, scientists 

began to implement these features to engineer the light-matter interaction. Applications include, 

but are not limited to, ultrafast data transfer and storage, high efficiency energy conversion, 

enhanced biosensing, as well as precise manipulation of nanoscale objects.  

Metamaterials are artificial materials with building blocks much smaller than the 

electromagnetic wavelength and can be treated as an effective medium. The interactions between 

this medium and the incident light can be harnessed by modifying the basic construction materials 

or the geometric shapes or dimensions of the structures. Metamaterials can be designed to realize 

many properties that do not exist in Nature, such as zero and negative refraction, cloaking, and 

superlensing. However, most of the past designs are passive that once made, the properties cannot 

be changed. Many applications require that the optical signal be modulated in real-time. To 

accomplish this, researchers have been combining these passive elements with functional matter, 

whose properties can be changed with external stimuli such as light, electrical or magnetic fields, 

chemicals, temperature, stress or pressure. This combination is referred to as tunable, dynamic, or 

reconfigurable metamaterials.  

Based on the ease of fabrication, as well as the device yield, thick and continuous functional 

films such as indium tin oxide (ITO) layer and phase change materials are usually used in these 

reconfigurable systems. Drawbacks of this approach include large power consumption, suppressed 

rise and recovering speed, limited modulation depth, as well as reduced spatial resolution caused 

by nonradiative loss in the system. One solution to these issues is to reduce the effective volume of 

the active material while integrating the material in a region of field concentration region.  
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This solution will be the topic of this dissertation. Here, a phase change material, vanadium 

dioxide (VO2), is used because of its near-room temperature phase transition threshold and large 

optical parameter contrast in the infrared region. By embedding low thermal mass VO2 

nanoparticles into a plasmonic bowtie concentrator or all dielectric Huygens metasurface, we have 

achieved complete control over the material absorption, reflection, and transmission at infrared 

wavelengths. This approach results in high-speed switching as well as a low power triggering 

threshold. Furthermore, this design could also be used for phase control and could be translated to 

visible or terahertz regimes.  

This dissertation is organized as follows:  

Chapter 2 first gives a detailed introduction to the working principle of metamaterials, 

basic composition, and the plasmonic and all-dielectric variants that can be used as electric field 

concentrators. This chapter also gives an overview of reconfigurable metamaterials, their current 

limitations and potential solutions. 

Chapter 3 covers optical phase change materials, their applications, and the properties of 

VO2 including as-deposited films and patterned nanoparticles with decreased dimensionality. The 

methods to characterize VO2 properties are also presented here. 

Chapter 4 demonstrates a near-infrared light modulator, assisted by plasmonic bowtie 

antenna and integrated with VO2 nanostructures. With the help of local resistive heating, this device 

is able to realize 33% reflection/absorption modulation contrast, and 400 times faster recovering 

speed and 50 times lower operating power compared with continuous film designs. In this chapter 

we will also present one of the possible applications - security recognition and rewritable infrared 

displays.   

Chapter 5 describes a near infrared optical limiter based on an all-dielectric Huygens 

metasurface. High-index silicon cylinders form Mie resonator cavities which are used to obtain 

high electric- and magnetic-field concentration inside of the cylinder. An epsilon-near-zero (ENZ) 
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material is introduced to better confine the electric field distribution. Based on the numerical 

simulations, we find that our results compare favorably with other optical limiters. We also carry 

out thermal steady-state analysis to estimate the switching threshold.  

Chapter 6 summarizes the highlights of this work and its long-term perspectives. Future 

opportunities as well as challenges will also be discussed. 
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CHAPTER 2 BACKGROUND ON METAMATERIALS 

2.1 Introduction of Metamaterials 

As briefly mentioned in the introduction chapter, electromagnetic metamaterials refer to 

nanostructured composites that exhibit unique electromagnetic properties [1]. Different from the 

natural materials, the optical responses of metamaterials are not primarily dependent on the intrinsic 

properties of the chemical constituents, but rather on the specific geometry and dimensions of the 

structuring. These artificial structures function as artificial atoms and by engineering their optical 

response, they have the potential to fill critical voids in the electromagnetic spectrum, where 

material response is limited, and enable the construction of novel electromagnetic materials. 

To better understand the light-matter interactions in metamaterials, we can begin with the 

Maxwell’s equations, which define the fields generated by the charges and currents in the materials. 

In differential form and SI units the macroscopic Maxwell’s equations have the form: 

w ∇ ∙ 𝐃 = 𝜌,	

∇ ∙ 𝐁 = 0,	

∇×𝐄 = −
𝜕𝐁
𝜕𝑡
,	

∇×𝐇 = 7 +
𝜕𝐃
𝜕𝑡

 

(2.1) 

where E denotes the electrical field, H the magnetic field, D the displacing currents, B the magnetic 

flux density, ρ is charge density and j is current density. From the constitutive relations, we have 

 𝐃 = 𝜀:𝜀;𝐄 

𝐁 = 𝜀:𝜀;𝐇 
(2.2) 
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Here 12
0 8.85 10ε −= × F/m is the permittivity of vacuum, and 6

0 1.26 10µ −= × H/m is the vacuum 

permeability; electric permittivity rε is a measure of how the applied electric field interacts with 

the medium and permeability rµ  measures the response of a material to an applied magnetic field. 

Combining equation (2.1) and (2.2), and assuming there are no surface currents or free 

charges, the wave equation can be derived as: 

 

∇<𝐄 = 𝜇:𝜇;𝜀:𝜀;
𝜕<𝐄
𝜕𝑡<

, 

∇<𝐇 = 𝜇:𝜇;𝜀:𝜀;
𝜕<𝐇
𝜕𝑡<

 

(2.3) 

We can tell from equation (2.3) that as an electromagnetic wave, the propagation of light 

through an optical medium is dictated by the relative permittivity rε  and permeability rµ . These 

two parameters are generally fixed in natural materials; while for metamaterials they can be 

designed by changing the material composition, and more importantly by changing the geometry 

and structuring. 

 

 

Figure 2.1 Material parameter space characterized by electric permittivity ɛ and magnetic permeability µ. [1] 
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A “materials parameter space” is plotted in Figure 2.1. Materials in region I-IV exist in 

nature and include dielectrics, metals to ferrites. Region III is occupied by metamaterials with 

simultaneously negative permittivity and permeability, which are referred to as “negative index 

materials (NIMs)” or “left handed materials (LHMs)”. Engineering the effective permittivity is a 

long-known concept which can be obtained with diluted metals or artificial dielectrics, while 

engineering the magnetic response was proposed in 2000. A negative refractive index metamaterial 

was first theoretically analyzed and experimentally realized in the microwave region [2][3]. Driven 

by the miniaturization of the electronic circuits in the semiconductor industry, nanotechnology has 

allowed a dramatic development for metallic or all-dielectric metamaterials optical devices ddown 

to infrared and visible wavelengths. 

 

2.2 Extreme Light Concentration in Metamaterials 

 Metamaterials mainly use the resonance behaviors of nanostructures to realize complete 

control over the optical parameters such as the effective permittivity and permeability. In 

metamaterials, the isolated unit cells act as optical cavities supported by the local collective motion 

of electrons in metal structure or trapping of the electromagnetic wave in high-index particles. The 

medium exhibits effective optical properties quite different from non-resonant condition, such as 

enhanced transmission or absorption, additional phase delay and altered polarization. In the near 

field, the incident electric and magnetic field can be concentrated in deep sub-wavelength volumes. 

These volumes can be much smaller than the free-space diffraction limit. The ability to manipulate 

the far and near-field of light has led to applications such as high spatial resolution imaging 

techniques[4]-[8], ultrasensitive photodetectors [9]-[12] and biosensing [13][14], ultrafast light 

modulators [15][16]and energy harvest and super-efficient solar cells [17]- [19]. 
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2.1.1 Localized Surface Plasmon Resonance (LSPR) 

 A surface plasmon is a collective oscillation of the free electrons at a material surface, 

induced by the time-varying electric field associated with light waves incident on the surface. A 

very nice illustration of a plasmonic effect is colored glasses, for example the famous Lycurgus 

cup, which was made by ancient Roman artists and now exhibited in the British Museum in London. 

When illuminated by a white light source, the cup shows a red color in transmission and greenish 

color from the reflection side (Figure 2.2). Today this phenomenon has been well investigated, and 

attributed to scattering from the nanometer-sized gold/silver alloy particles embedded in the glass 

[20].  

 

 

Figure 2.2 Ancient Lycurgus cup illuminated by a light source (a) outside and (b) inside the cup, respectively; 

(c) Transmission electron microscopy (TEM) image of a gold/silver alloy particle within the glass [20][21].  

 

To excite surface plasmon in continuous metal films, additional optics like gratings or 

coupling prisms are needed to provide additional in-plane momentum. However, in metal 

nanostructures, the edges and boundaries scatter light, providing large momentum vectors and 

exciting a localized surface plasmon resonance (LSPR) without assistances from extra coupling 

optics. The LSPR is a plasmon bound state. Generally, the resonance frequency is a function of the 

shape, size and material of the nanostructure. The resonance spectral width, or full width at half 
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maximum (FWHM), is mainly dictated by the nonradiative and radiative loss in the systems. The 

nonradiative loss arises due to the imaginary part of the dielectric constant where larger loss results 

in a broader resonance [22].  

 

 

Figure 2.3 Normalized field intensity redistribution for resonances with orders (m=1, 3, 5). The resonator is 

silver strips with 30nm thickness and length w=130nm, 575nm, 1040nm, respectively. The illumination 

source is λ0=550 nm [23]. 

 

When the incident wavelength is significantly larger than the particle size (quasistatic 

approximation), the resonance position is dictated solely by the dielectric constants of the metal 

and surrounding materials and the electric field is constant across the whole particle at any instant 

of time. In the non-quasistatic regime, the nanostructure dimension parallel to the incoming electric 

field is comparable to the incident wavelength. In this case, the field distribution cannot be treated 

as uniform in the unit cell. This critical dimension plays a very important role in the field 

redistribution, as seen in Figure 2.3 [23].  

 When an LSPR is excited, surface plasmon polaritons (SPPs) propagate back and forth 

between the two sides of the silver antenna, forming a Fabry-Perot resonator. At resonance the 

length of such antenna is equal to 𝑚𝜆@AA/2, where m is an integer and 𝜆@AA is the wavelength of 
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the supported SPP mode. From the normalized electric field distribution in Figure 2.3, it is observed 

that the electric field node numbers are 2, 4 and 6, and at each node the field is greatly enhanced.  

 

 

Figure 2.4 (a)-(c) Near-field intensity enhancement factor of gold structures on glass substrate, computed 10 

nm above a stripe (250 × 40 nm), a resonant antenna (250 × 40 nm), and an off-resonant antenna (410 × 40 

nm), respectively. The feed-gap width is 30 nm, and excitation wavelength is 830 nm; (d) Intensity field 

computation of bowtie antenna with 20 nm feed-gap. Reproduced from [24][25]. 

 

Strong plasmonic field concentration can be further improved by introducing a small gap 

in a metal structure, which is called a feed-gap [24][26]. Figure 2.4 a-c gives the intensity evolution 

of the strip structures without a feed-gap, with a feed-gap on-resonance, and with a feed-gap off-

resonance, respectively. To satisfy the boundary condition that the normal field components must 

be continuous across the interface, the electric field in the dielectric gap will be enhanced by a ratio 

of 𝜀C/𝜀D  , where 𝜀C	and 𝜀D  is the optical constant of the metal and dielectric, respectively. 

Metals possesses a relatively large negative permittivity, so the ratio can be on the order of ten to 

a hundred. This feed-gap with a confined electric field is also referred to as a “hot spot”. The 

geometry could be further modified to bowtie structures [27][28], mimicking a “lightning rod” 
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effect (Figure 2.4b). Oscillating free electrons at very high density are physically squeezed to a 

small volume near the sharp metal tip, resulting an extreme intensity enhancement with field ratios 

around 103 [29]. Bowtie antenna structures have widely been used as field concentrators for 

emission control [30], high efficiency nonlinear conversion[25], high Q deep-wavelength 

confinement [31], single molecule tracking [32] and reconfigurable nano-antennas [33]. 

Other geometries of plasmonic structures have also been designed to realize field 

confinement, such as an epsilon near zero mode [34][35], split-ring resonators [36]- [38] or hybrid 

mode [39]. Plasmonic resonances are not limited to metals, they can happen in non-metal materials 

such as highly doped semiconductors when carrier concentration is high enough to provide a 

negative permittivity [40]. Figure 2.5 gives a materials map with optical properties: the carrier 

concentration and carrier mobility. Lower carrier concentration and mobilities translate to higher 

material loss, which will be eventually dissipated as heat. The ideal plasmonic material should lie 

at the bottom left of the plot the with a nearly zero interband losses, which still remains elusive. 

These inevitable losses present one of the main challenges for plasmonic material and device 

development at high frequencies. Although loss-compensation approaches have been proposed, 

they make the system quite complicated and it is difficult to generate enough gain to fully 

compensate losses [41]. 

 



11 

 

 

Figure 2.5 Metamaterial map for plasmonic applications, with interband losses, carrier mobility and carrier 

concentration plotted. Spherical bubbles represent materials with low interband losses, and elliptical bubbles 

represent those with larger interband losses in the corresponding part of the electromagnetic spectrum. [40] 

 

2.1.2 All-Dielectric Nanostructures 

  One strategy to overcome the nonradiative loss of plasmonic systems is to use all-dielectric 

materials. High refractive index, subwavelength dielectric nanostructures possess Mie resonances 

which can take the place of plasmon excitations [42]. Mie scattering was first formalized at the 

beginning of 20th contrary when a German physicist Gustav Mie computed the scattering of 

electromagnetic wave by a homogeneous dielectric sphere and showed that the sharp absorption 

bands depended on the particle sizes, with results published in 1908 [43]. In 1946 by combining 

Mie scattering theory with Clausius-Mossotti effective medium theory (EMT), Leonard Lewin 
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systematically [44] predicted that the effective permittivity and effective permeability could be 

modified to be a negative value by the use of high index spherical particles. Recent investigations 

have shown that low loss electromagnetic resonaces covering all of the four quadrants in Figure 

2.1 have been realized with all-dielectric metamaterials, including all-dielectric broadband perfect 

reflectors [45], negative and zero refractive index materials [46]-[48], magnetic mirrors [49][50]. 

The low loss of these materials allows for high quality factor resonances for biosensing and high 

spectral resolution imaging [51][52], as well as designing high efficiency ultrathin metalens 

systems formed intom a phased array [53][54]. 

 

 

Figure 2.6 Scattering cross section of a subwavelength nanodisk at both ED and MD resonance positions (a), 

and the electric and magnetic field distribution inside the nanodisk cylinder for (b) ED and (c) MD, 

respectively [55]. 

 

In addition to the low-loss response, when working below the material band edge, there are 

other advantages to all-dielectric materials. To begin with, one single cylinder or post dielectric 

structure can support two fundamental Mie resonance modes, which are electric dipole (ED) and 

magnetic dipole (MD) resonance. The spectral positions of ED and MD are both affected by the 



13 

 

aspect ratio (AR) of the resonators. The ED resonance has oscillating electric field distribution 

between the structure boundaries, which makes the resonance more dependent on the in-plane 

diameter. The MD resonance leads to circulating electric field with resonance relying on both 

diameter and height. The lattice constant can also be controlled to change the coupling between 

neighbored unit cells and realize anisotropy in metamaterials [56]. Based on this, the spectrally 

resonant position could be tuned to any arbitrary frequency by changing the in-plane parameter as 

well as the height. The ED and MD resonances can be separated or overlapped, and separating the 

resonances helps to broaden the operational bandwidth [57].  

 

Table 2.1 Refractive indices and absorption coefficients for high index dielectrics in visible near infrared  and 

mid-infrared range. 

 @ 650nm @ 1.4µm @5µm 

Materials n  α (cm-1) n  α (cm-1) n α (cm-1) 

Si 3.9 3182 3.5 9e-8 3.4 5.1e-2 

Ge 5.3 1.3e5 4.4 5.7e3 4.1 ~ 

Te 

 

4.35 4e5 4.72 3e4 4.9 ~ 

GaAs 3.83 3.5e4 3.4 933.1 3.3 69.9 

InAs 3.9 1.1e5 3.5 9.7e3 3.5 38.9 

GaP 3.3 0 3.1 0 3.1 0 

InP 3.3 5.9e4 3.2 401.5 3.1 30.2 

AlSb 3.8 2.6e4 3.3 3.8e3 3.2 426.5 

GaSb 4.9 1.8e5 3.8 1.1e4 3.7 348.8 

TiO2 2.4 2.1e-4 2.3 0 2.1 0.5 

 

 



14 

 

Platforms based on silicon are also compatible with silicon waveguides, and CMOS 

electronics. In addition, dielectric materials themselves are generally cheaper and more chemically 

stable compared to some plasmonic materials such as silver. This avoids additional coating 

procedures for passivation layers. In Table 2.1, refractive indices and absorption coefficients for 

high-index materials available in the visible and infrared are listed, among which silicon and 

germanium are widely used in near infrared and mid infrared [53] and TiO2 is more widely used in 

visible wavelength due to its large bandgap [54]. 

In a dielectric resonator, the fundamental ED and MD resonances offer enhanced electric 

field both in plane and out of plane (Figure 2.6). Most of the light intensity is confined inside the 

resonator and it is easy to obtain an enhancement ratio around 10 [58]. Like plasmonic 

metamaterials, coupled all-dielectric resonators could also create interacting hotspots for various 

applications by introducing a narrow gap between two nanodimers (Figure 2.7a). Compared to one 

dielectric resonator, coupled resonators can obtain higher field confinement efficiency and unique 

functionalities – magnetic hotspot specifically. In figure 2.7b, the finite-difference time-domain 

(FDTD) simulations and near-field scanning optical microscope (NSOM) image of two coupled 

silicon nanodimers reveals that the electric and magnetic field enhancement with a ratio of 6 could 

be reached experimentally at ED and MD resonance frequencies.  
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Figure 2.7 All-dielectric coupled metamaterials. (a) Schematics for electric and magnetic hotspots generated 

by silicon nanodimers; (b) FDTD simulation and NSOM measurement of the electric and magnetic field 

profile at ED and MD resonance positions, respectively. This paper reports the first experimental 

demonstration of electric and magnetic hotspots generated from isolated nanodimers; (c) Schematic of Fano 

resonance between the electric dipolar and quadrupolar modes of two silicon rods due to symmetry breaking; 

(d) An analogue of electromagnetically induced transparency realized by Fano resonance in all-dielectric 

metamaterials. Figure reproduced from [52][58][60]. 

 

Coupled all-dielectric metamaterials can also lead to metamaterials with a high-quality 

factor by exploiting Fano resonances. A Fano resonance happens when interference between a 

background continuum and a resonant scattering process produces asymmetric line-shape. It can 

form a sharp feature in the absorption or transmission spectrum when a bright mode and a dark 

mode spectrally overlap and interact with each other [52] (Figure 2.7c). This interaction can 



16 

 

generate nanoscale hotspots, which could be used to enhance the nonlinear conversion efficiency 

[59]. The Fano resonance is also quite spectrally sensitive to the surrounding medium refractive 

index change, which could be applied as chemical sensors [60].   

The field confinement capability of all-dielectric resonator is inferior to that of plasmonic 

structures, but a significant advantage is the lack of loss. With single or coupled resonators, the 

electric field hotspots can be selectively located inside or around the structures, offering a 

convenient route to integrate with other functional platforms, for example quantum dots for 

spontaneous emission control applications, active materials for dynamic control and optical 

modulation, and ultrathin materials for enhanced absorption [51][62].  

 

2.3 Reconfigurable Metamaterials 

By proper selection of the construction materials and design of the structure geometry, 

metamaterials can exhibit customizable optical properties, accompanied with features like localized 

enhanced electrical fields, mode coupling, and phase gradients. However, most metamaterials are 

passive, which means the properties can not be modified once they are made through all of the 

complicated nanofabrication processes. Reconfigurable metamaterials (metadevices) have been 

proposed to solve this problem, aiming to realize dynamic control of the device performance, such 

as light propagation direction, intensity, phase and polarizations [63][64]. Reconfigurable 

metamaterials typically consist of metal or dielectric nanostructures to support spectral resonances, 

and active functional medium with tunable optical parameters. Examples of plasmonic resonant 

structures assisted metadevices have been demonstrate with carrier injection into semiconductors, 

metal oxides, or 2D materials [65]-[76], molecule orientation changes in liquid crystals [77]-[80], 

thermal and electromechanical metamaterials[81][82]. Figure 2.8 summarizes some featured works 

with these approaches such as electrical method, micro-electro-mechanical systems (MEMS), 

temperature change, optically active carrier doping or chemical composition, respectively [83]-[87].  
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Figure 2.8 Reconfigurable metamaterials controlled with (a) electrical method, (b) mechanical method, (c) 

thermal approach, (d) optical pump and probe, and (e) chemical composition change. Reproduced from [83]-

[87]. 

 

Many researchers within the metamaterial community have also recently turned to active 

all-dielectric metasurfaces for the purposes of switching, spatial light modulation, and creating 

reconfigurable optical elements [88][89]. There have been several approaches to modulating optical 

properties of dielectric metasurfaces, but all contain serious drawbacks similar with plasmonic 

structures.  Fabricating Mie resonators on stretchable substrates like PDMS to change the lattice 

constant is always restricted by the yield of the stretchable film, which is typically less than 10% 

for reversible control [90]; LC molecules can be orientated with temperature change, UV irradiation 
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or external voltage bias. But metasurfaces integrated with liquid crystal are bulky (~150µm) due to 

the usage of the rubbing layer and therefore not power efficient [91]-[95], and the relaxation time 

is in the millisecond range. Modulation of carrier concentration via injection [96]-[102], however, 

can achieve modulation depths of around 40%, but requires intense pump or very high temperature 

(>573K) [103]. The response speeds are also limited by the carrier lifetime. Meanwhile some film 

preparation protocols have to rely on molecular beam epitaxy (MBE) growth, and are far from 

being commercially ready. Microfluid and MEMS systems have been reported for tunable color 

displays and metasurface lenses, but are hardly compatible with other systems [104][105].  

Phase-change materials such as chalcogenide glass (GST) (non-volatile) and VO2 (volatile) 

have been used for decades in memory storage [106][107], and dynamic optical elements such as 

tunable absorbers and polarizers [108]-[119]. Vanadium dioxide (VO2) is particularly interesting 

as it has a reversible insulator to metal phase transition (PT) at near room temperatures (~340K), 

which is critical for realizing low power devices. More information about phase change materials 

will be given in chapter 3. Recently phase change media have also been introduced to the all-

dielectric tunable metasurface community, yielding large modulation depths with PT triggered via 

temperature [120]-[123].  

 

2.5.1 Challenges for Reconfigurable Metamaterials 

Although numerous reconfigurable metamaterials have been demonstrated, obtaining 

active control of light remains an elusive and ambitious task, especially in the shorter wavelength 

region. The major limitations come from (1) the availability of active media which allow the 

electromagnetic parameters to be tuned dramatically with acceptable external stimuli; (2) the 

difficulty in integrating metamaterials with small active volumes to enhance the response speed 

and decrease average power consumption.  
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Phase change materials are promising candidates for reconfigurable metamaterials in the 

near infrared wavelength considering its large dielectric function change across the PT, which could 

be implemented to overcome the first limitation. The majority of previously demonstrated 

reconfigurable metamaterials, including the PCM-based metamaterials, have employed continuous 

films that can be readily incorporated into structured metal resonators, behaving as surrounding 

medium, space layer, or substrate. However, when switched thermally or electrically the large mass 

of continuous films necessitates large switching power per bit. At the same time, it limits the 

switching speed as this thermal energy must then be dissipated to fully recover the device. Based 

on the above considerations, decreasing the active materials volume or mass is necessary to 

improve the overall performances of reconfigurable metamaterials, especially in applications which 

require ultrafast modulation. 

 

2.5.2 Decreasing the Thermal Mass of VO2 Phase Change Materials 

  For VO2 phase change materials, decreasing the thermal mass to microscale or nanoscale 

structures could realize the following benefits. First of all, VO2 in the semiconducting phase has a 

band gap of approximately 0.6eV [124]. There is a non-negligible natural absorption of VO2 even 

in the semiconducting state when working in the near infrared region. Decreasing the VO2 volume 

could reduce the on-state loss, therefore increasing the on/off ratio (modulation depth) for light 

modulators. Secondly, replacing the continuous film with isolated VO2 crystal grains means that 

the overall switching energy will be dramatically lowered. In addition, with the help of the 

metamaterial field concentrator the absorption in each particle corresponds precisely to the incident 

light intensity. Enhanced absorption decreases the switching threshold and make more energy 

efficient devices. And this becomes more and more important in the future for on-chip optical 

circuits as the integration will be partly determined by the power consumption and dissipation. 
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Lower energy also goes with fast recovery from off state to on state. Finally, it has been proved 

that VO2 nanoparticle arrays show a broader switching energy distribution due to the size effect. 

Utilizing these nanocrystals instead of continuous film in metamaterials is beneficial to broaden 

the dynamic range and achieve multi-level or multi-state storage and modification. 
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CHAPTER 3 PHASE CHANGE MATERIALS 

3.1 Optical Phase Change Materials and Applications 

 A phase change material (PCM) is generally a substance that can exhibit transformation 

from one crystal structure to another in response to external excitation, for example temperature 

change, intense electric field, stress or laser excitations. In addition to PTs involving different 

atomic configurations, PCMs also undergo electronic or changes of spin configurations, allowing 

for controllable modification of materials’ optical, electrical, and/or magnetic properties. During 

the PT, the free energy in the system stays continuous, while the thermodynamic quantities such as 

volume and heat capacity can be discontinuous. Phase-change materials can be classified as first-

order or second-order PCMs based on which derivative of the free energy shows discontinuous 

change.  

 

 

Figure 3.1 Optical phase change material PT temperature mapping. (a) The insulator-metal transition 

temperatures of some transition metal oxide bulk crystals; (b) Amorphous to crystal transition temperature 

for Te-Sb-Ge based alloys with different composition percentage. Reproduced from [125][126] 

 



22 

 

Transition metal oxide (TMO) and chalcogen-based alloys [127] constitute two of the most 

fascinating classes of inorganic optical PCMs. Figure 3.1 shows the thermal PT threshold for these 

two groups. Materials like VO2 shows volatile property, the initial property recovers once the 

stimuli get removed. Applications for dynamic or real-time control could benefit from this property, 

including smart windows [128][129], optical switches [130][131], sensors and bolometers [132]-

[134]. On the other hand, chalcogen-based alloys are generally non-volatile and melting is required 

to return to the off state, and are for that reason widely used in data storage [135][136]. 

 

3.2 Vanadium Dioxide Phase Transition 

 Vanadium dioxide (VO2) is a first-order phase change material, which belongs to the 

transition metal oxide family. Several crystal phases have been reported namely M1, M2, T and R. 

Among these phases, M2 and T phase can be stabilized by applying small uniaxial stress on the 

basis of The M1 therefore they are interpreted as alternate phases of pure VO2 [137][138], which 

will not be discussed in this dissertation. The M1 phase has been the most attractive because of the 

semiconductor-to-metal PT around 340 kelvin (K), which is close to room temperature. Below this 

critical temperature (Tc), VO2 has a monoclinic lattice structure (M1) and exhibits semiconducting 

property with moderate resistivity, while above this threshold vanadium atoms move and form 

rutile crystal structure (R) and the material exhibits metallic property with low resistivity (Figure 

3.2a) [139][140]. This VO2 PT is both an electronic and structural transition, with the band 

structures of semiconducting and metallic states illustrated in Figure 3.2b [141]. The phenomenal 

range of electric and optical properties caused by PT of VO2 is equally noteworthy, especially in 

the infrared regime. The relative change measured in the resistivity for a polycrystalline film can 

be up to four orders of magnitude (Figure 3.2c). Figure 3.2d shows the measured optical dielectric 

constants of 60nm radio-frequency (RF) sputtered VO2 in the semiconducting and metallic states 
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in near infrared. High contrasts in both real and imaginary part of VO2 permittivity are observed 

above 800nm wavelength, which makes VO2 a potential candidate for applications in optical 

communication [142]-[145], memory devices [106][107], thermal management [146], gas sensors 

[132]-[134] as well as field-effect transistors [147][148].  

 

 

Figure 3.2 VO2 properties. (a) Schematics of high temperature rutile and low temperature monoclinic lattice 

structure of VO2. Large red spheres: V atoms; Small blue spheres: O atoms. (b) VO2 band structures in 

metallic and semiconducting state. (c) Temperature-dependent resistivity of 30nm VO2 film grown on 

sapphire substrate. (c) Measured refractive index and absorption coefficient of RF sputtered VO2 film on 

silicon substrate. Reproduced from [139]-[141].  

 

The vanadium dioxide semiconductor-to-metal phase change is a first order PT process. 

Similar to other first order phase changes, a 1.7% volume and density change are observed for VO2 

because of the atom rearrangement (Table 3.1). The thermal properties like conductivity and heat 
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capacity change substantially due to the electron thermal conductivity contribution, indicated from 

the Wiedemann–Franz law [149]. All of the above property changes make it possible to directly 

and indirectly identify and study this process, for example using four-point probe to measure film 

conductivity, using optical hysteresis setup to measure the extinction coefficient of the film, using 

high resolution electron microscope (HREM) or tunneling electron microscopy (TEM) to indirectly 

monitor and trace the atom movement [150], or referring to Raman spectroscopy [151], X-ray 

diffraction (XRD) to obtain more information about the lattice (Figure 3.3) [152][153]. 

 

Table 3.1 VO2 properties above and below the semiconductor-to-metal PT 

Property Below Tc Above Tc Change References 

Lattice Structure Monoclinic Rutile  [124][154] 

Density 4.57 g/cm3 4.65 g/cm3 1.7% [154] 

Thermal Conductivity 3.5 W/(m K) 6.0 W/(m K) 71.4% [155] 

Heat Capacity 0.656 J/(g K) 0.78 J/(g K) 18.9% [156] 

 

Thermal heating is the most accessible approach and nanosecond response time has been 

demonstrated in hybrid silicon-VO2 electro-optical modulator [157]. Apart from thermal method, 

VO2 semiconductor-to-metal PT can also be triggered via strain, high electric field or ultrafast laser. 

Among those strain is mostly used in VO2 single crystals, which is not a focus of this thesis. Electric 

field switching has long time been a goal for researchers however it is quite challenging to isolate 

the field effect from Joule heating effect as the field needed is also nearly equal to the breakdown 

voltage. No clear evidence of pure electric field-induced PT of VO2 has been reported so far, to the 

best of current knowledge. Ultrafast laser induced PT has been attracting a lot of attention recently 

since it can be used to study the PT dynamics and potentially resolve the long-lasting debate 

between Peierls model (structural transition mechanism) and Mott-Hubbard (electronic transition 
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mechanism). Previous studies have shown that these two phenomena can be separated based on the 

time range [158]. The structure transition typically has a triggering time of a few picoseconds and 

a recovering time of hundreds picoseconds or nanoseconds, while the electronic transition can 

happen within 60fs.  Semiconductor-to-metal transition occurs under femtosecond laser fluence 

with VO2 staying in monoclinic lattice state, which can dramatically decrease the switching time 

as the structural transition is eliminated.  

 

 

Figure 3.3 Other PT characterization methods for VO2. (a) Smoothed high resolution TEM image of 

monoclinic/rutile domain walls. Insets show two-phase color atom model diagrams. The red spheres and 

black spheres represent O and V atoms, respectively; (b) Raman spectra of VO2 thin film at different 

temperatures during the heating process. Vertical dotted lines show the positions of the major Raman lines 

of VO2; (c) XRD patterns of as-grown film and monoclinic VO2 M1 phase. Reproduced from 

[150][151][159]. 

 

The VO2 PT threshold is also modifiable with applied strain or doping. Low valence dopant 

like Al3+, Cr3+ shifts the Tc up, while high valence dopant, mostly used W6+ and Mo6+, shifts the Tc 

down even to room temperature, depending on the doping level. This ability makes VO2 a strong 
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PCM candidate for applications in daily life. Drawbacks are that the dielectric constant contrast 

and switching hysteresis width are sacrificed, which may need thicker VO2 film to compensate.   

 

3.3 Influence of Fabrication and Size Effects 

 In circumstances where we do not study the ultrafast PT phenomenon, VO2 PT often 

exhibits lattice structure change. Therefore, different VO2 polycrystalline grain size and boundaries 

caused by the film preparation affect the overall PT properties, such as switching threshold Tc, 

hysteresis width and switching contrast. The VO2 growing conditions have been investigated for 

decades, covering factors such as deposition methods, substrate lattice, post annealing conditions 

for example annealing temperature, time and oxygen flow rate.  

 

 

Figure 3.4 Benchmark of VO2 thin films with resistivity ratio ∆𝜌 𝜌 = (𝜌E:	℃ − 𝜌G:℃)/𝜌G:℃ for VO2 across 

the semiconductor to metal transition. Here all the films are grown on Al2O3 substrate for direct comparison. 

Reproduced from [140].  
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 From previous work [140], generally pulsed laser deposition (PLD) and metal-organic 

chemical vapor deposition (MOCVD) can produce ultrathin VO2 film down to about 10nm (Figure 

3.4). Pulsed laser deposition (PLD) comparably tends to give higher switching contrast due to the 

high-energy atoms and ions ablated by the KrF2 excimer laser from the vanadium or VO2 target. 

Sputtering is a more commonly used approach considering the easier deposition condition, and 

usually is used for thicker VO2 film; it usually produces the densest films and smallest grain sizes. 

In addition, atomic layer deposition (ALD) of VO2 has also been well developed by the Naval 

Research Laboratory with good uniformity and switching contrasts [160][161].  

Among the three physical vapor deposition (PVD) methods - PLD, e-beam evaporation 

and RF sputtering - the surface energy and specially dewetting, have significant influences on the 

morphological evolution of the VO2 thin film [162], with atomic force microscope (AFM) images 

shown in Figure 3.5. The corresponding optical hysteresis trend is depicted in Figure 3.6, 

considering factors such as substrate and annealing time as well. 

 

 

Figure 3.5 AFM morphology images of VO2 film grown by (a) PLD, (b) ebeam deposition, (c) RF sputtering 

method. All images are 2 µm × 2 µm. Figure reproduced from ref [162]. 
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Figure 3.6 A complete comparison about the PT properties (threshold, switching contrast, and hysteresis 

width from top to bottom) which is dependent on deposition method, substrate, and post annealing time. Here 

the light source is 1550nm and samples are annealed at 450 °C in 250 mTorr O2 environment [162].  

 

The VO2 films deposited by PLD also have very high density due to the high energy plumes 

that the laser ablates from the target surface . As a result, PLD film has higher hysteresis switching 

contrast and narrower width, which is clearly shown in Figure 3.6. RF sputtering method gives 

wider hysteresis, which indicates that the crystal grains as well as the switching temperatures for 

individual grains are more broadly distributed. We can also tell that sapphire substrate gives the 

best films for all of the three approaches considering the epitaxial growth beneficial from the lattice 
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match. With a better lattice matching substrate such as TiO2 (001) (lattice mismatch: 0.86%), VO2 

film with 103 relative resistivity change has been reported with 10-15nm thickness [163]. Longer 

annealing time also plays a big role in modifying the hysteresis contrast and width for the PVD 

methods, attributed to the accumulating dewetting phenomenon. 

 

 

Figure 3.7 Size effect of the VO2 nanoparticles (a) VO2 precipitate size related to annealing time (top) and 

the corresponding optical transmission switching at 1.5µm as a function of the annealing time (bottom). The 

inset shows a typical hysteresis loop, marked with indicator points (A, B, C, D, E, F) used to quantify the 

switching; (b) TEM images of the VO2 precipitate in SiO2 for selected annealing times. The samples were 

prepared by implanting SiO2 with 1.53 × 1017 V ions/cm2 at 150 keV and 3.0 × 1017 O ions/cm2 at 55 keV 

and then annealing in argon at 1000 °C. Figure reproduced from [164]. 

 

Although there have been important advances in understanding the PT of VO2 through 

related film stoichiometry, grain evolution and other morphological faults, it would not be complete 
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without studying the role of reduced dimensionality. Compared to continuous films, it has been 

proved that VO2 nanoparticles with smaller equivalent radius have PT starting at lower 

temperatures and completely finishing at higher temperature, as a result, exhibiting broader 

hysteresis [164]. This phenomenon is referred as the size effect of VO2 (Figure 3.7). Later surface-

enhanced Raman scattering and optical response of ordered VO2 nanoparticle arrays were studied, 

providing critical insights into statistical processes occurring in materials at the nanoscale 

[165][166]. These properties also become more and more relevant as VO2 approaches 

nanotechnology applications, leading to energy efficient nanodevices as well as potential usage in 

neuromorphic computing systems [167]. 
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CHAPTER 4 NEAR INFRARED REFLECTION MODULATOR WITH PLASMONIC 

METAMATERIALS 

4.1 Introduction 

In this chapter, we present a reconfigurable metamaterial that integrates VO2 nanocrystals 

with plasmonic metamaterials. By designing the unit cells so that each nanocrystal is in the feed-

gap of a bow-tie antenna, we achieve strong field concentration within the VO2 nanocrystals. This 

allows the metadevice to be more sensitive to the optical properties of the VO2 while also utilizing 

a small thermal mass for reduced switching power and time. In addition, the metallic unit cells 

serve as the heating element minimizing the volume that must be heated and improving integration. 

This results in an integrated device with a modulation depth of 33% within the telecommunications 

band and a 1.27ms recovery time [108]. 

 

4.2 Design Methodology and Simulation Results 

 

 

Figure 4.1 Schematic of the MPA structure with unit cell dimensions: lattice pitch px=264nm, py=300nm, 

wire width: w=100nm, and gap width: g=34 nm.  
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A typical multilayer (metal-dielectric-metal) metamaterials perfect absorber (MPA) is used 

in this design. For the top structured layer, we use bowtie shape concentrator to support the 

electrical dipole resonance as well as greatly enhanced electrical field in the feed-gap, while the 

coupling between the top bowtie structure and the metal backplane forms the magnetic dipole 

(Figure 4.1). When these two resonances are spectrally overlapped, the destructive interference of 

the reflection will lead to perfect absorption. The power loss density is dictated with the imaginary 

part of the local materials’ permittivity multiplied by the square of the electrical field. When VO2 

phase change materials are embedded in the bowtie feed-gap, from the FDTD simulation results in 

Figure 4.2a, b, we can see the majority power loss is concentrated in the VO2 patch. This is the key 

to amplify the optical parameter change in the VO2. 

 

 

Figure 4.2 Simulation results. (a) The electric field and (b) power loss density distribution of the MPA at the 

metamaterials resonance frequency with the VO2 is in semiconducting phase; (c) simulated absorption spectra 

of the MPA with VO2 permittivity obtained with semiconducting and metallic state VO2.  

 

To verify the idea and understand the evolution of the optical properties with temperature, 

we performed FDTD simulations with VO2 optical properties acquired using ellipsometry on 60nm 

thick films (Figure A. 1). The absorption spectrum showed nearly unity absorption at 1590 nm and 

kept constant below 55°C, while blueshifts to approximately 1190nm at 70°C and finishes the 
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transition by 75°C. The wavelength shift reached up to 400nm, meanwhile at the resonance 

positions below and above the VO2 PTs, the calculated modulation depth is around 50%, which is 

a very large value compared to other near infrared free space modulator devices. 

 

4.3 Fabrication of The Active Metamaterials 

The metadevice is based on the perfect absorber (MPA) architecture with each unit cell 

consisting of a gold bow-tie antenna with a small VO2 patch placed in its feed-gap. This layer is 

separated from a thick gold backplane by a thin Al2O3 dielectric spacer layer. Fabrication began 

with thermal deposition of 5nm/100nm of Chromium/gold (Cr/Au) on fused silica to form the 

backplane (see the material selection in A.3). This was followed by ALD of 37nm of Al2O3 to form 

a transparent dielectric spacer layer. And then three electron beam lithography (EBL) processes are 

used to define the following structures.  

Alignment markers with dimensions 0.3µm × 10µm (W × L) and external electrodes 

(200µm × 200µm for local heating purpose) were first fabricated on the Al2O3 film by EBL and 

5nm/150nm Cr/Au deposition (a, b). And thenVO2 patterns (120 × 120 × 37nm3) were then defined 

on the Al2O3 film by electron beam lithography on liftoff photoresist, which is 50nm PMMA 495 

A2 plus 70nm 950 A2 stack (Figure 4.3c). This liftoff photoresist is very critical for defining tiny 

nanostructures with nearly isotropic deposition. Here the VO2 patch was also designed larger than 

the feed-gap size to guarantee perfect alignment with the bowtie array, as well as to avoid PMMA 

gap closure in the deposition step. After development using MIBK:IPA=1:3 developer and 6s O2 

descum, the VO1.7 was sputtered using a two-inch vanadium metal source in a 6mTorr Ar and O2 

environment, with flow rate of 20sccm :1sccm (standard cubic centimeter per minute), and a 

deposition rate of 1.2Å/s. A standard lift-off procedure was followed and then a post annealing was 
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performed for 5min at 450°C in 250mTorr O2 environment with flow rate around 17sccm to 

crystallize the VO2.  

 

 

Figure 4.3 VO2 based MPA active metamaterials structure defining processes. (a)(b) external electrodes and 

alignment markers patterning and scanning electron microscope (SEM) image; (c)(d) VO2 nanoparticles 

defining and AFM image of the nanocrystals after liftoff and post annealing process; The AFM image has a 

height scale of 0-37nm. (e)(f) Top bowtie antenna overlapping and SEM image of the final device, showing 

the electrodes and array. 
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Figure 4.4 False color SEM image of the MPA active metamaterial array. The VO2 nanocrystals are colored 

purple while the connected bowtie antenna is colored in yellow.  

 

After the VO2 patterning and crystal process, gold bow-tie antennas with 34nm wide feed-

gaps were then overlaid onto the VO2 nanocrystals using electron beam lithography, thermal 

deposition and lift-off (Figure 4.3e, f). The thickness was 3nm/30nm Cr/Au. The smallest possible 

gap size is preferred as it increases the capacitance in the semiconducting state, red shifting the 

resonance and resulting in a larger wavelength change upon switching. More details about the gap 

size dependence can be found in Appendix A.2. These antennas were connected by bus bars which 

were connected to large external gold electrodes so that the antennas can serve as integrated heating 

elements. A zoomed SEM image of the final device is given in Figure 4.4, with false color for better 

identification (purple: VO2 nanoparticles; yellow: bowtie antenna). From the SEM we can tell all 

the VO2 nanocrystals are all perfectly aligned in the feed-gap of the bowtie antenna.  
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4.4 Device Characterizations  

After the device fabrication, the optical measurements were carried out using a super-

continuum light source (Fianium) and the reflected signal from the sample was analyzed using a 

grating spectrometer with an InGaAs detector (Horiba iHR320). A 50× infrared objective was used 

to focus the light into the metamaterial array. Since the transmission was totally blocked by the 

100nm gold backplane, so absorption of the metamaterials could be calculated with 𝐴 = 1 − 𝑅.  

 

4.4.1 Temperature Dependence 

In order to characterize the modulation depth, the metadevice was first mounted on a 

temperature-controlled stage. A white-light supercontinuum source was incident onto the 

metadevice using a 50× objective, with the polarization perpendicular to the bus wires. The MPA 

absorption curve is shown in a. The measured resonant position shifts from 1590nm to 1230nm as 

the stage temperature increases from 21°C to 87 °C, with the resonance and absorption magnitude 

evolution shown in Figure 4.5b. This results in a figure of merit of FOM = Δλ/λFWHM = 82%. 

The reversible modulation depth (defined as	ℎ 𝜆 = 𝐴CLM(𝜆) − 𝐴CNO 𝜆 ) was experimentally 

measured to be 27% and 33% at 1232nm and 1588nm, respectively. These are among the highest 

values measured in free space within this wavelength regime, to the best of our knowledge. It should 

also be noted that compared to VO2-film based metadevices, we observe a change in the switching 

temperature range resulting from the small size of the VO2 nanocrystals. The modulation starts 

earlier at about 40.3℃ and finishes at 86℃, which provides greater dynamic range for grey-scale 

control. The PT range was simulated to be 20°C while the experimental result in Figure 4.5a has a 

range of over 37°C. The wider transition width for the nanoparticles is consistent with larger 

inhomogeneity in grain size. It is also consistent with a broadening of the resonance due to 

inhomogeneity in the fabricated bowtie antennas. 



37 

 

 

Figure 4.5 Temperature dependence of the MPA active metamaterials (a) Measured absorption spectra of the 

metadevice at different temperatures; (b) Simulated absorption spectra with VO2 permittivity obtained at 

different temperatures; (c) Resonance wavelength (left axis blue) and absorption magnitude (right axis red) 

evolution with the temperature change in the device.  
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 Overall the performance of the metadevice agrees well with full-wave finite-difference 

time-domain (FDTD) simulations shown in Figure 4.5c. In these simulations the VO2 properties 

were extracted from the experimentally measured optical properties shown in Figure 3.2d. Based 

on the simulated absorption spectrum, when the VO2- based metadevice is in the semiconducting 

state (25°C), the device exhibits almost unity absorption (99.7%) at a resonant frequency of 

1590nm. At an intermediate state of 65°C the resonance shifts to approximately 1380nm with a 

peak absorption of 73%. The resonance further shifts to 1190nm as the VO2 becomes metallic 

(85°C) with a peak absorption of 90%. The simulated structure has a slightly larger tuning range 

(400nm) and modulation depth (48% and 51% at 1590nm and 1190nm, respectively). The deviation 

between the simulated and experimental modulation depth can be attributed to several factors.  The 

ellipsometry data used in the FDTD simulations were acquired from a 60nm VO2 continuous film 

on a silicon substrate, while for the metadevice, VO2 nanoparticles were patterned and grown on 

Al2O3 and have a height of 37nm. These films were deposited at the same time but shadowing by 

PMMA reduces the height of the nanoparticles. The different substrate and thickness can both affect 

the grain size and grain boundary leading to deviations with the simulations. The VO2 PT also 

depends on the nanocrystal size and it has been shown that nanocrystals result in a broader 

hysteresis loop and PT compared to thin films. Lastly, inhomogeneities in the fabricated bowtie 

antennas will broaden the resonances of the metadevice compared to the simulations. 

 

4.4.3 Injection Current Dependence and Local Heating 

From a materials perspective, VO2 has a lower switching threshold than PCMs like GST 

due to the near-room-temperature PT.  In order to electrically switch the device, a current is applied 

to the antenna layer through the bus bars, heating the metal (Figure 4.6a). Compared to external 

heaters, this technique only generates heat where it is required, reducing power consumption.  The 
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measured optical properties, as a function of current injection, are shown in Figure 4.6b. Local 

Joule heating of the device results in the same modulation depth as using the temperature-controlled 

stage. The threshold current to switch the entire 24µm × 24 µm sample was found to be 56mA 

(2.2V), yielding a power consumption of 123.2mW, which agrees well with the calculated 

switching threshold (see A.4 for the simplified theoretical model).   

 

 

Figure 4.6 Local heating approach and injection current dependence. (a) schematic of the integrated heater 

with metal busbar connecting the bowtie antenna; (b) The MPA metadevice absorption spectra with different 

injection current.  

4.5 Temporal Performance 

 The temporal response of the device was measured using a function generator to modulate 

the applied current while the reflectivity at 1107nm was monitored (see Figure 4.7a). The results 

are presented in Figure 4.7b. First, it should be noted that the modulation contrast of the temporal 

intensity measurements is 37%, matching the steady-state measurements in Figure 4.5a and 

indicating that the device is fully switched. Second, the reflected power follows the trigger signal 

and has a rise time of 2.3ms, which could be further reduced by increasing the applied current. The 
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relaxation time was measured to be 1.27ms, which is a function of the thermal conductivity of the 

substrate and the thermal capacitance of the VO2. When plasmonic structures are fabricated on or 

under continuous VO2 films, the absorption associated with the continuous VO2 film increases 

insertion loss, reduces modulation depth, and lengthens response time. Here, the patterned 

nanocrystals have a thermal mass that is 18% that of a thin film of the same thickness. The 

substantially reduced thermal capacitance of the system results in a response time 400 times shorter 

than film-based metadevices while also lowering the power consumption of the device [115]. 

 

 

Figure 4.7 Temporal response characterizations. (a) Experiment setup for temporal measurements. Here BS 

and FM refer to a beam splitter and flip mirror, respectively; (b) Reflected power (blue circle) within one 

modulation cycle and the fitted exponential decay curve (red solid). The decay time is 1.27ms based on the 

fit. The inset shows the rigger signal (red right axis) and monitored reflection (blue, left axis) over multiple 

modulation cycles. 
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4.6 Demonstration of Spatial Control 

To demonstrate spatially inhomogeneous metasurfaces, we first patterned a VO2 

nanoparticle array into the letters ‘V’ and ‘U’ and then overlaid these letters with a square, uniform, 

bow-tie antenna layer. The spectra of the bowtie antenna without VO2, with semiconducting VO2, 

and with metallic VO2 in the feed-gap were measured and are show in Figure 4.8.  

 

 

Figure 4.8 Measured reflection spectra for bowtie antenna without VO2 in the feed-gap (blue curve), with 

semiconducting VO2 (black curve), and with metallic VO2 (red curve) in the feed-gap, respectively. 

 

At a wavelength of 1010nm the antennas without VO2, and with semiconducting VO2, have 

identical reflection. This wavelength was chosen for illumination as the letters are hidden from 

view. Based on the measurements in Figure 4.8 the contrast in reflection is 23% between the 

antennas with and without VO2 at 1010nm when the nanoparticles are transitioned to the metallic 

state. 

One application of this approach could be in infrared and visible identification tags and 

coding. To demonstrate how one could employ the device for such applications, VO2 nanocrystal 

arrays were patterned to form the letters ‘V’ and ‘U’ and then overlaid by a uniform, unpatterned, 
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bow-tie antenna layer (24µm × 24µm) (Figure 4.9a, d). The array was imaged at a wavelength of 

1010nm, corresponding to the point where the bow-tie with semiconducting VO2 in the feed-gap 

(30°C) have the same reflectivity as the bare bow-tie antenna array. In this case the array appears 

completely uniform. However, heating the metadevice to 82°C switches the VO2 into the metallic 

state and shifts the absorption maximum to shorter wavelengths, resulting in a reflection contrast 

of 23%. As shown in Figure 4.9(c-d, e-f), this results in the “V” and “U” becoming visible, 

revealing the previously hidden image. 

 

 

Figure 4.9 Dynamic metadevices displaying images. (a, d), VO2 nanocrystal array in the shape of V and U. 

This array is covered with a uniform bow-tie antenna array. (b-c), (e-f), IR camera images of the final array 

at both 30°C and 82°C. The illumination wavelength is 1010nm. At this wavelength the MPA in the absence 

of VO2 has the same reflection amplitude as an array with semiconducting VO2 in the feed-gaps. 
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4.7 Conclusion 

In this chapter, we have experimentally demonstrated that by combining decreased thermal 

mass phase change materials VO2 and plasmonic field concentrator, an overall enhanced MPA 

metadevice performance is achieved. Aligned well with the FDTD simulation, we have 

significantly reduced the required switching time and power compared to other thin film-based 

spatial light modulators.  As shown previously, the device exhibits a tuning range as large as 360nm 

and a modulation depth up to 33%, with a response time of 1.27 millisecond. All these figures of 

merit compare favorably with other reconfigurable metamaterials approaches. And the device 

response speed could potentially be improved to nanosecond by modifying the circuit layout and 

passing the current directly through the VO2 nanocrystals. Other than triggering the PT with a 

temperature controlling stage or local resistive heater, the semiconductor-to-metal could also be 

triggered by the incident beam itself, leading to self-adaptive optical system, which is very 

important for sensitive optical element protection.  

In addition, such configuration is not limited to bowtie antenna, it could also be used with 

other structures, such as gap in split-ring resonator, epsilon-near-zero (ENZ) mode, hybrid mode 

spacer and so on. And it could be further expanded to all dielectric metamaterials for complete 

transmission control or even phase modulation. And patterned GST phase change materials could 

also be integrated for non-volatile applications. We believe this reconfigurable metamaterial is a 

promising candidate for dynamic coatings and active beam shaping, and with further improvements 

in switching speed it could be employed for signal processing and display applications.   
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CHAPTER 5 NEAR INFRARED OPTICAL LIMITER BASED ON HUYGENS 

METASURFACE DESIGN 

5.1 Introduction 

 Development of passive optical power limiters for human eye and sensor protection is of 

growing significance as laser exposure is becoming more frequent in civilian and military scenarios. 

Ideally, the transmitted intensity of a passive optical limiter should be high at low light levels but 

adaptively clamp to nearly zero or a constant preset value once the input exceeds a specified 

threshold in order to protect the user or sensor. Laser goggles in use today rely on high constant 

absorption or reflection over a defined spectrum, which impair vision when the filtered laser line 

lies in the optical spectrum. Nonlinear optical limiting goggles can be designed such that they 

normally act as normal glasses with high transmission, reducing vision impairment, while in the 

event of an incident high-intensity laser, the nonlinear processes act to reduce power transmission 

below the eye damage threshold [177]-[180]. The near room temperature PT property of VO2 

naturally provides a well-defined thermal threshold for these kinds of applications. Studies also 

have shown that the VO2 PT temperature can be increased or decreased by simply doping lighter 

or heavier atoms into the lattice, respectively [181][182]. However, developing VO2-based coatings 

with large optical contrast, while still maintaining high on-state transmission is not possible if only 

relying on the material’s intrinsic absorption contrast. This is due to the fact that a thick film would 

be needed to cut the transmission to nearly zero at the off state which would result in the on-state 

transmission also be greatly reduced. 

 In this chapter, a near infrared optical limiter based on a Huygens metasurface is 

demonstrated with a goal of maintaining high transmission in the on-state while dramatically 

damping the light when incident intensity rises over a critical level.  
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5.2 Huygens Metasurface and ENZ mode 

5.2.1 Huygens Metasurface 

 

 

Figure 5.1 Huygens metasurface with Mie resonators. (a) The transmission spectrum shows the ED and MD 

resonances of a Mie resonator; (b) Transmission spectrum (blue curve) of a Huygens metasurface when the 

ED and MD are spectrally overlapped and result in 2π phase coverage (red curve). 

 

For dielectric resonators, the locations of both the electric dipole (ED) and magnetic dipole 

(MD) resonances shift by changing the aspect ratio (AR) of the particle. With an optimized 

geometry, one can perfectly overlap the ED and MD resonances (Figure 5.1a).  When this occurs, 

assuming these two dipole modes are of equal strength, the reflected fields from one dipole mode 

are out of phase with the other dipole mode, resulting in destructive interference and zero reflection. 

The absorption is negligible when the limiter is operated below the material bandgap. Thus, the 

metamaterial exhibits unity transmission (Figure 5.1b) [172]. Meanwhile, the phase accumulated 

by these both fundamental modes will be added together and shows a 2π change across the 

resonance. Metamaterials with this characteristic are called Huygens metasurfaces. A Huygens 

metasurface is not only achievable with Mie-type resonances, it can be also realized with multi-
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layer plasmonic structures, and the metamaterial perfect absorber also belongs to the Huygens 

metasurface family [173]. All-dielectric Huygens metasurface also possess the field enhancement 

contributed from both ED and MD resonances, which makes it a potential candidate to integrate 

with active materials for realizing reconfigurable metamaterials. 

 

5.2.2 ENZ mode 

In order to further increase the absorption loss in the off-state and achieve a large 

modulation depth in the optical limiter, an ENZ mode can be used to concentrate light in the active 

media. Considering an interface between two media (media 1 and media 2), based on the 

electromagnetic boundary conditions, the displacement field normal to the interface should be 

conserved, which means 𝐸Q</𝐸QR = 𝜖QR/𝜖Q< assuming z is the normal direction to the interface. 

When |𝜖𝑧2|≪|𝜖𝑧1|, the field in medium 2 is enhanced compared to the field in medium 1 [183]. The 

enhancement factor approaches infinity when |𝜖𝑧2| is 0 and this phenomenon is referred as an ENZ 

mode. ENZ modes can happen in plasmonic films where the frequency is close to the plasma 

frequency. The enhanced field leads to strong light-matter interaction which can be useful in 

applications such absorbers and active metamaterials as well as enhancing the coupling between 

electromagnetic fields and electrons in quantum-well systems [99][184]-[186]. The ENZ point of 

VO2 is located around λ = 1209 nm in the metallic state which will be the wavelength at which we 

will design the optical limiter. 

 

5.3 Metasurface Optical Limiter Simulated Results 

 In this work, the silicon-VO2 nanostructures are designed on a SiO2 substrate which has a 

refractive index nSi =3.7, nSiO2=1.48, and the VO2 dielectric constant was obtained from 
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ellipsometry of a 60nm film on silicon at 25°C and 85°C. After optimization, the final dimensions 

are: lattice constant px=py=640nm, cylinder diameter D=432nm, silicon and VO2 thickness h 

=180nm, tVO2=30nm. The resonators are embedded in SiO2 to provide a uniform index around the 

resonator. This symmetric design is critical to obtain ED and MD resonances of equal strength and 

obtain total destructive interference of the reflected electric field. When VO2 is in the 

semiconducting state, the metamaterial will have a high transmission and when the VO2 is switched 

to the metallic state, the increased loss, combined with enhanced electric field within the material 

will cause transmission to reach nearly 0. Figure 5.2c shows the transmission spectrum of the 

metamaterial optical limiter with metallic state VO2 and Figure 5.2d shows the normalized electric 

field in the y and z directions.  
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Figure 5.2 Near infrared optical limiter design based on Huygens metasurface mode and ENZ mode. (a) 

Schematic of the optical limiter metamaterials. The silicon high index cylinder is designed on the top of a 

SiO2 substrate, with active materials VO2 on the top. The structures is embedded in SiO2. The dimensions 

are: lattice constant p=640nm, cylinder diameter D=432nm, silicon and VO2 thickness h =180nm, tVO2=30nm. 

(b) dielectric function of the VO2 grown on a SiO2 substrate measured in both semiconducting and metallic 

state; the ENZ mode happens around 1200nm; (c) Normalized electric field distribution profile for z 

directions calculated at the resonant wavelength of 1209nm. 



49 

 

 In order to verify that the ED and MD are perfectly overlapped, transmission spectra were 

numerically calculated with different aspect ratio (AR=D/h) and are presented in Figure 5.3a-c. We 

can clearly trace the ED and MD resonances with semiconducting VO2 until they are overlapped at 

an AR=2.4 (Figure 5.3a). At the overlap frequency there is a transmission of  -3.6dB. In the metallic 

state the transmission drops to -41.8dB with a contrast of 38.2dB (Figure 5.3d). A resonance 

wavelength blue shift was also observed due to a small disturbance of the ED and MD overlap 

caused by the change in VO2 permittivity.  

 

 

Figure 5.3 Numerically calculated transmission intensity of the metamaterial optical limiter. (a) transmission 

of the metamaterial in  semiconducting state with different AR, which shows ED and MD merging to form a 

Huygens metasurface at AR=2.4; (b) transmission of the metamaterial in metallic state; (c) transmission 

contrast; (d) Spectra of the metamaterial at AR=2.4, with VO2 in both semiconducting state and metallic state. 
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5.4 Intensity Dependence 

 In order to determine the input power threshold to trigger the PT, the CST thermal solver 

was employed, using the material properties listed in Table 5.1. Assuming the silicon and SiO2 are 

lossless, the incident power is assumed to be absorbed within the VO2 nanoparticles, with 

normalized absorption 𝐴@VWCN = 0.567  and 𝐴@CW[L\ = 0.898  which are acquired from the 

absorption spectra in Figure 5.4 at 𝜆 = 1209𝑛𝑚. The VO2 is treated as a volumetric heat source in 

the unit cell with heat dissipated through the substrate as well as the surroundings. To simplify the 

model and estimate the max power to trigger the phase transition of the VO2, an ambient air 

convective heat transfer coefficient of 50W/m2 /K (CST default value for air) is used to replace the 

SiO2 index matching medium. Adiabatic boundaries are used in the in-plane directions to mimic a 

periodic boundary condition.  

 

 

Figure 5.4 Absorption spectra of the metamaterial optical limiter. At 1209nm, the absorption coefficients are 

read to be A=0.567 and 0.898 in the semiconducting and metallic state VO2, respectively. 
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In the semiconducting state, the mean temperature of VO2 is heated to 65°C at an incident 

power of 15µW. Once the PT is triggered, the temperature will rise with a steeper slope (Figure 

5.5a) due to the increased absorption. After switching there is a sudden drop in the transmission, 

which will dramatically lower the transmitted power by more than three orders of magnitude 

(Figure 5.5b). 

 

Table 5.1 Thermal properties of the materials in the metamaterial optical limiter design 

Materials Density (g/cm^3) Thermal Cond. (W/K·m) Heat Capacity (kJ/K·kg) 

silicon 2.328 1.5 0.71 

VO2 (85 °C) 4.65 6 0.78 

VO2 (25 °C) 4.57 3.5 0.656 

SiO2 2.4 1.4 0.75 

 

 

 

Figure 5.5 Intensity dependence of the metamaterial optical limiter response. (a) Simulated mean temperature 

of the VO2 nanostructures with different incident power; (b) Nonlinear relation between the metamaterial’s 

transmission and input power (top panel), output power and input power (bottom panel). 
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 For a single unit cell, the power threshold needed to activate the PT is about 15µW. 

Considering a uniform metamaterial array with 20µm × 20µm size (~976 unit cells), the total beam 

power and intensity are calculated to be 14.65mW, which is consistent with the fluence needed for 

ultrafast VO2 PT trigged by a femtosecond laser pump (44mW for beam spot 30-50µm) [187]. This 

value is nine times smaller than the thermal triggering of the VO2 in chapter 4 (126mW) (A. 4). 

One reason is that the dielectric has nearly zero absorption loss and all of the incident power is used 

to heat up the VO2 material. This is different than in plasmonic metamaterials where the metal 

absorbs a large amount of the energy.  Metal structures also conduct heat well and the bowtie 

antenna and VO2 nanoparticle array was totally exposed to air, which has a better convection than 

SiO2 capsulated Huygens metasurface cylinders here.  

 

5.5 VO2 thickness Dependence and Angle Dependence 

 In this Huygens metasurface optical limiter design, the response is very sensitive to the 

VO2 active layer thickness. If the VO2 is too thick, on-state transmission will be reduced and the 

cutoff contrast will be reduced. The reason for this is that the ENZ mode plays a more minor role 

as the film thickness increases. To illustrate the role of the VO2 thickness, a numerical simulation 

was performed with the same geometry as Figure 5.2a, while varying the VO2 thickness from 5nm 

to 35nm. 
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Figure 5.6 VO2 thickness dependence. (a) Simulated transmission spectra with semiconducting state VO2, 

the thickness is varied from 5nm to 30nm. (b) Simulated transmission spectra with metallic state VO2. 
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The VO2 thickness dependence plots in Figure 5.6 demonstrate that the metamaterial 

transmission decreases with thicker VO2 for both the semiconducting and  metallic state. For the 

semiconducting state the change is smaller due to the limited loss of the material. For the metallic 

state, the change in the transmission is larger due to the spectral mismatch in the ED and MD as 

well as the increased loss. If the VO2 thickness in increased to 35nm, the contrast will drop (Figure 

5.7), indicating 30nm of VO2 is the optimal thickness to maintain the Huygens metasurface and 

ENZ mode. To emphasize the importance of the field enhancement from the dielectric resonators, 

simulated on-off contrast based on a VO2 film with the same thicknesses has been given in Figure 

5.7. The data are multiplied by a factor of 5 to fit the scale. With 30nm VO2, the on-off contrast is 

improved by as much 38.0 dB. 

 

 

Figure 5.7 Transmission contrast with varying VO2 thickness for the metamaterial optical limiter (solid 

square) and VO2 continuous film (solid circle). 
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 Our metamaterial optical limiter is made of cylinders which operate for all of the incident 

polarizations. However, Huygens metasurfaces are generally not suitable for wide incident angle 

since the ED and MD resonant positions are affected by the incident angle. In Figure 5.8 the 

transmission spectra of the metamaterial optical limiter are calculated at different angles of 

incidence. For angles larger than 15°, the ED and MD are clearly separated to two spectra dips with 

lower transmission at the designed wavelength of 1209nm (Figure 5.8a). With metallic state VO2 

(Figure 5.8b), the transmission rises to -15.0dB for angles of 15° and 20°. As a result, the overall 

contrast is also decreased. 

 

 

Figure 5.8 Angle dependence of the metamaterial optical limiter. Transmission spectra with (a) 

semiconducting VO2 (b) metallic VO2 with incident angles changing from 0 to 20 degree. 

 

5.6 Expanding to Other Wavelengths 

 One advantage of metamaterials is that we can tune the structure dimensions to adjust the 

working frequency. For this metamaterial optical limiter, the ENZ point is fixed around 1200nm. 
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Though the ENZ point might be tunable by doping, scarcely any systematic research has been done 

on VO2 with different dopants and doping levels. However, even without the ENZ effect, this 

approach can still work with a slight decrease in the on-off contrast. To explore how this type of 

metamaterial operates at other wavelengths, the transmission spectra are calculated with all 

geometry dimensions scaled with a ratio s, except that the VO2 thickness is constant at 30nm. The 

resonance wavelengths are adjusted to around 1064nm, 1350nm, 1550nm and 1850nm with a scale 

factor of 0.9, 1.1, 1.3, and 1.5, respectively (Figure 5.9). An on-off modulation depth of 25.0 dB is 

observed for all the four metamaterials. The decreased contrast also indirectly proves that the ENZ 

mode helps with better field concentration and high cutoff efficiency. 

 

 

Figure 5.9 Transmission spectra for metamaterial optical limiter design working at different wavelengths. 

The overall geometry is equally adjusted with a scale s=0.9, 1.1, 1.3 and 1.5 to work near 1064nm, 1350nm, 

1550nm, and 1850nm, respectively. 
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5.7 Conclusions 

In this chapter, a metamaterial optical limiter is demonstrated through numerical 

simulations. This design adds an additional epsilon-near-zero mode to the Huygens metasurface 

platform. Due to the large permittivity change at the silicon/VO2 interface, further confinement of 

the electric field within the thin VO2 nanostructures volume is achieved, which leads to a 38.2dB 

transmission on-off contrast at the Huygens metasurface resonant wavelength. To estimate the 

incident power threshold for this self-adjustable optical device, a thermal steady state solver was 

used to calculate the temperature of the VO2, which allowed a prediction for the power threshold 

of around 14 mW for an area of 20µm × 20µm. This value is consistent with previous works and 

could be modified by doping the VO2 or triggering the PT with an ultrafast laser pulse. The VO2 

thickness was optimized at 30nm considering all of the factors such as the VO2 intrinsic absorption 

coefficient, ED and MD coupling in the Huygens metasurface, and the ENZ effect. Simulations 

also show that this optical limiter could be adjusted to work at other frequencies with a slight 

decrease in modulation depth. 
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CHAPTER 6 CONCLUSION AND OUTLOOK 

The focus of this research has been the development of functional optical devices based on 

platform consisting of metamaterials combined with VO2. The development of metamaterials offers 

us the ability to achieve specific features such as engineered anisotropy, enhanced field 

concentration, and wavefront tailoring at any particular optical wavelength by modifying the 

subwavelength structures. The strongly correlated material, VO2, exhibits near room temperature 

semiconductor-to-metal PT, which makes it an ideal candidate in applications in reconfigurable 

optics, smart windows, as well as data buffering and storage. In this work, I outlined my efforts to 

efficiently integrate small thermal mass VO2 into metamaterials nanostructures, realizing full 

control of reflection, absorption, and transmission. In this chapter, I will first summarize all of the 

results and then provide some insight into future directions. 

 

6.1 Summary 

 In chapter 4, a plasmonic perfect absorber architecture is implemented to completely block 

transmission and engineer the absorption of a metamaterial system. A bowtie antenna was selected 

based on its extreme electric field confinement in the feed-gap which was used to amplify the effect 

of the semiconductor-to-metal PT in embedded VO2 nanostructures. As a result, large resonant 

wavelength shift and reflection magnitude tuning were experimentally observed. By connecting the 

bowtie structures to form a local resistive heater, we further demonstrated that the decreased 

thermal mass of the VO2  contributes to a faster response time and lower power consumption per 

bit, which are also critical factors in the performance of an optical modulator.  

 In chapter 5, an all-dielectric metamaterial platform was utilized, aiming at realizing 

complete control over the amplitude of the transmitted light in near infrared wavelength. For the 

fundamental modes of high refractive index structures, ED and MD resonances, the switching 
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ability is limited if we solely utilize one of them. When we spectrally overlap the two resonances 

together and form a Huygens metasurface, the destructive interference of the two modes leads to 

minimum reflection and nearly unity transmission in the on-state. We have demonstrated that an 

ENZ mode also helps with squeezing field into an ultrathin VO2 film, which increased the 

metamaterial absorption in the off-state and reached a cutoff efficiency of 38.2dB. Thermal steady 

state simulations were performed to calculate the cutoff threshold for the incident power at the 

resonance wavelength of 1209nm, close to the ENZ point. The reported value of 14mW for a 20µm 

× 20µm array aligned well with previous works engaging VO2 PTs triggered with optical methods. 

In specific conditions, this threshold is tunable by doping or applied stress. The device response 

was proven to be dependent on the VO2 thickness and is sensitive to the incident angle.  

 

6.2 Future Avenues 

 Although the VO2 PT has been studied for more than half a century, designing optical 

devices for operation in free space is still a challenge. This dissertation work proves that combining 

phase change materials with nanoscale metamaterials is a promising research direction for this 

purpose. In my opinion, there are a few avenues to expand on this. To begin, integrating VO2 

nanoparticles with field concentrators can be used to realize optical devices for amplitude control 

with excellent performance, which have been partially demonstrated in this dissertation. Meanwhile 

the field concentrators can be used to concentrate incident light intensity in a small spot and 

selectively expose a photoresist, which could be used to eliminate the overlay steps in lithography 

and lead to large scale fabrication of these functional devices. Though VO2 mainly exhibits large 

dielectric function contrast at infrared wavelengths, it can possibly be used in the visible region for 

dynamic color change applications since the resonance frequency is extremely sensitive to subtle 

permittivity changes. In addition to amplitude modulation, VO2 based reconfigurable metamaterials 
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can also be used to realize control over the wavefront and polarization, which have not yet been 

investigated. 

 Vanadium dioxide is a very good candidate for bolometers or photodetectors based on the 

dramatic resistivity contrast across the semiconductor-to-metal PT. Metamaterial perfect absorbers 

can fully collect the incident photons, turn the energy into heat and trigger the semiconductor-to-

metal transition. With some modifications to the metal structure’s architecture we can potentially 

read the electric signal from this event. Pristine VO2 has a sharper PT hysteresis which is good for 

binary detection while doped VO2 has a more gradual slope suitable for analog signals. These 

reconfigurable devices can serve as a thermochromic coatings for thermal management applications. 

With the help of metamaterials, the overall emissivity can be altered between 0 and 1. This 

engineered thermal emissivity can maintain a constant temperature or could be used to magnify the 

signal for better image recognition. 
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APPENDIX A 

A.1 Methods 

A.1.1 Simulation  

Finite-difference-time-domain simulations were performed with a commercial software 

package, CST microwave studio. For the uniform metamaterials array, simulations of the spectra 

magnitude and phase were run at one unit cell under the frequency domain solver, with plane wave 

excitation signal and periodic in-plane boundary conditions and perfectly matched layers out-of-

plane boundary conditions. The optical properties of gold were taken from Johnson and Christy 

[188] though the damping was tripled compared to that of bulk gold to more closely match the 

experimental results. And VO2 dielectric functions were imported from ellipsometry measured data. 

  

A.1.2 VO2 Elliposometry Measurement and Modeling 

 

Figure A. 1 Measured permittivity of a sputtered VO2 thin film on a silicon substrate in semiconducting 

(25°C) and metallic state (85°C).  
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To measure the VO2 dielectric function, J.A. Woollam spectroscopic ellipsometer was used 

to collect the Fresnel reflection coefficients for p- and s-polarized light at three angles (60°, 65° 

and 70°) at temperatures of 25°C and 85°C. The M2000 ellipsometer with heated stage accessory 

recorded data from 0.4-1.7µm. The measured data were modeled with CompleteEASE software 

from J.A. Woollam with a silicon substrate layer, 3nm native oxide layer and 60nm thick oscillator 

layer. For this near infrared data, up to four Lorentz oscillators were used to reach a mean-square 

error (MSE) smaller than 10 (Figure A. 1).  

Additional optical characterization was performed with the homemade white light 

hysteresis setup which records the overall transmitted or reflected intensity (Figure A. 2). The 

ability for the VO2 thin films to switch was confirmed with the contrast above and below the PT 

threshold. To make sure the closest property matching between the witness VO2 film and the VO2 

nanostructures embedded in the metamaterials, all of these films were deposited and annealed 

together with same growing and annealing conditions. 

 

 

Figure A. 2 Normalized while light transmission hysteresis of a RF sputtered VO2 thin film on a SiO2 

substrate. 
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A.2 Gap Size Dependence 

The antenna gap size is an important parameter in the metamaterial design. In the case of 

VO2 nanoparticles in the semiconducting state, reducing the gap width will increase the capacitance 

in the gap and significantly shift the resonance to longer wavelengths. In the case of metallic VO2, 

the capacitive gap is largely shorted as VO2 is more conductive, so reducing the gap results in a 

much smaller change in the resonance frequency. To investigate the gap size dependence of our 

metadevice, we have simulated the response for gap widths ranging from 30nm to 80nm while 

keeping the other dimensions constant. The results for semiconducting VO2 are shown in Figure A. 

3a while the metallic state is shown in Figure A. 33b. These results confirm the description above 

and show that smaller gap sizes result in larger modulation depth (Table A. 1). 

 

 

Figure A. 3 Simulated absorption spectra with varying gap size for (a) semiconducting VO2 nanoparticles (b) 

metallic VO2 nanoparticles. 
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Table A. 1 Simulated wavelength tuning and modulation depth with different gap sizes. 

Gap size (nm) 30 40 50 60 70 80 

Wavelength tuning (nm) 524 375 295 232 182 149 

Modulation depth 61% 51% 42% 33% 25% 22% 

Note: The modulation depth here is calculated at the resonant wavelength when the VO2 nanoparticles are in 

the semiconducting state. 

 

A.3 Thin Film Stack Thermal Stability Analysis and Test 

When film thickness is less than 10-4 times the substrate thickness (for example, film 

thickness smaller than 50nm on a 500um substrate), the thermal stress caused by annealing can be 

estimated using a one-dimension approximation [189]: 

  (A.1) 

Here, σth, Ef, αf, αs, Ts, and Ta stands for stress, Young’s modulus, film thermal expansion coefficient, 

substrate thermal expansion, substrate temperature, and processing or measurement temperature, 

respectively.  A positive σth corresponds to a tensile stress. In our case, the sputtered VO2 thin film 

or patterned structure has to be annealed at 450°C for 5 min, in a 250mTorr O2 environment. Any 

thermal expansion mismatch between the MPA backing mirror and substrate could lead to cracking 

and leakage current preventing electrical control of the structure. We considered four combinations 

of two noble metals (Ag, Au) and two substrates (Si, fused SiO2) to get an optimized design for the 

MPA configuration. Only the combinations in which stress is less than the yield stress (see Table 

A. 2 for material properties) will survive the annealing procedure.  

 

 

 

 

( )( )assff Τ−Τ−Ε= αασ th
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Table A. 2 Properties of coating and substrate materials 

 Melting Point (°C) Young’s Modulus 

 (GN m-2) 

Yield strength 

 (GN m-2) 

αf (10-5 °C-1) 

Ag 961 83 0.055 1.8 

Au 1064 79 0.21 1.62 

Si 1414 130-188 NA 0.256 

SiO2 1650 71.7 NA 1.23 

 

Based on a deposition temperature of 40°C and an annealing temperature of 450°C the film 

stresses were calculated to be:  

 𝜎 a	bO	@N = 0.525	𝐺𝑁	𝑚e< > 0.055	𝐺𝑁	𝑚e< 

	𝜎 a	bO	ghVWD	VN\NiL = 0.194	𝐺𝑁	𝑚e< > 0.055	𝐺𝑁	𝑚e< 

𝜎 h	bO	@N = 0.44	𝐺𝑁	𝑚e< > 0.21	𝐺𝑁	𝑚e< 

𝜎 h	bO	ghVWD	VN\NiL = 0.126	𝐺𝑁	𝑚e< < 0.21	𝐺𝑁	𝑚e< 

(A.2) 

Both the calculations and experimental tests (see Figure A. 4) showed that a gold film on a fused 

silica was the best option. 
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Figure A. 4 SEM image of (a) Ag on Si; (b) Ag on fused silica; (c) Au on Si; (d) Au on fused silica after the 

sample was annealed for 5min in O2 at 450°C, (VO2 annealing condition). 

 

A.4 Calculation of Local Heating 

To acquire a rough estimate of the required thermal power for switching the metamaterial, a simple 

heat transfer model, 𝑞 = 2𝐷𝑘(𝑇pNap − 𝑇\bq) based on shape factors is used here, where q, D, k, 

and T stand for input power, array diameter, substrate thermal conductivity and temperature, 

respectively. The calculated switching power is 99mW, assuming the total array area is uniformly 

heated from 20°C to 85°C and that heat is only dissipated through the substrate. This model neglects 

convective heat transfer and assumes the system is in steady state. This value compares favorably 

with the measured value of 123.2 mW. 
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APPENDIX B 

B.1 Methods 

B.1.1 Simulation 

Finite-Difference-Time-Domain simulations were performed with a commercial software 

package, CST microwave studio. For the uniform Huygens metasurface array, simulations of the 

spectra magnitude and phase were run at one unit cell under the frequency domain solver, with 

plane wave excitation signal and periodic in-plane boundary conditions and perfectly matched 

layers out-of-plane boundary conditions. The whole device was embedded in SiO2 material with 

index of 1.48. Silicon is modeled as lossless with an index of 3.7. The VO2 dielectric functions 

were imported from ellipsometry measured data. 

A CST thermal solver was used to calculate the cutoff threshold for the optical limiter 

based on an assumption that both silicon and SiO2 are lossless and the incident power is absorbed 

within the VO2 nanoparticles, with normalized absorption 𝐴@VWCN = 0.567 and 𝐴@CW[L\ = 0.898. 

These absorptions were read from the absorption spectra at 𝜆 = 1209.3𝑛𝑚 . The VO2 solid is 

treated as a volume heat source in the unit cell with heat dissipated through the SiO2. At the SiO2/Air 

interface the convection was set to be 50W/m2 /K. Adiabatic boundaries are used in the in-plane 

directions to mimic a periodic boundary condition.  

 

B.2 Simulated Results Plotted in Linear and dB Scale 

 For a better comparison, we plotted the absorption, transmission and reflection spectra of 

the Huygens metasurface optical limiter in Figure B. 1, with linear and dB scale. Both 

semiconducting and metallic VO2 were considered here. 
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Figure B. 1 Simulated absorption, transmission, reflection spectra for the Huygens metasurface 

optical limiter, plotted in linear and dB scales. 
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