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Abstract 
 

          Self-assembly has been widely used to fabricate micro-scale three-dimensional (3D) 

structures for various applications like sensors, drug delivery systems, and advanced 

robotics (e.g., micro-actuators, micro-machines). Self-assembly is always driven by 

external sources (e.g., heat, solvent, pH), which makes the assembly process hard to 

control and leads to extremely low yield. Direct contact of heat or chemicals is usually 

required to trigger a self-assembly process, which limits the applications of self-assembly 

and decreases the manipulative capability of the process.  

          To address the issues of the traditional direct triggered self-assembly, my Ph.D. 

work involved in developing novel remote-controlled self-assembly techniques with 

microwave and induction energies, combining the self-assembly technique with advanced 

metamaterial (MM) designs, and exploring their potential applications as 3D sensors and 

devices. The goal of the work is to achieve advanced remotely controlled self-assembly to 

improve the yield and manipulative capability of the assembly process and discover new 

aspects of the assembly technique (e.g., biocompatible assembly, multiple and sequential 

assembly) and its applications (e.g., 3D sensors, 3D MM devices).  

          For remotely controlled self-assembly, electromagnetic waves can be remotely 

applied to the metal thin films within the microstructures. Eddy current can be created 

inside the thin films and generate heat to melt the polymeric hinges. The molten hinges 

generate surface tension force to transform the two-dimensional (2D) net into 3D 

microstructures. Induction heating can trigger self-assembly without harming live organs 

or tissues, which is suitable for biomedical applications.  
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          Remote-controlled self-assembly also allows multiple and sequential self-assembly. 

The movements of each part of structure can be precisely controlled by adjusting the 

energy sources in a remote location, increasing manipulative capability of the 3D 

assembly process. The achievement of sequential self-assembly and multiple folding 

angles in a single structure is essential for building complex microstructures and micro-

actuators.  

          One important application for remote-controlled 3D self-assembled structure is to 

build 3D MM devices. Split ring resonators (SRRs) and closed ring resonators (CRRs) can 

be patterned on each face of the self-assembled structures to achieve 3D MMs with fully 

anisotropic and isotropic behaviors. However, the quality factor (Q-factor) of conventional 

MMs is low (typically under 10), results in low sensitivity and selectivity. To increase Q-

factor of the MMs, we developed novel nanopillar-based MMs driven by displacement 

current. The nanopillar-based MMs contain thousands of metallic nanopillars with 

nanoscale dielectric gaps between them. Forming the MMs with nanopillars and nano gaps 

decreases the Ohmic energy loss in the resonator and increases the energy storage in the 

dielectric nano gaps, thus an enhanced Q-factor up to 14000 can be achieved. The ultra-

high Q nanopillar-based MM can be patterned on each face of the self-assembled 3D 

structures to realize ultra-high Q 3D MM structures. 

          Novel ultra-sensitive THz MMs and 3D MMs combined with remote-controlled 

self-assembly opens a new area of creating diverse sensors and devices for 3D 

optoelectronic, 3D MMs, and ultra-high sensitive biomedical sensors. This thesis will be 

roughly divided into two parts. We begin with part one by introducing the novel remotely 

controlled self-assembly using electromagnetic energies that I have developed over my 
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Ph.D. program as well as its unique properties and benefits over traditional self-

assemblies. The second part involves my design and theory of ultra-high Q nanopillar-

based MM and the 3D MM devices by combining the nanopillar-based MM with self-

assembly technique. 
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Chapter 1 
 

History and Theory of Self-Assembly  

1.1 Introduction 

          “Self-assembly refers to the spontaneous formation of organized structures through 

a stochastic process that involves pre-existing components, and can be controlled by 

proper design of the components, environment, and the driving force”. John A. Pelesko at 

University of Delaware defined self-assembly as such in his book “Self Assembly: The 

Science of Things That Put Themselves Together” published in 2007 [1]. This definition 

of self-assembly tells us all the information and essential elements of self-assembly. 

“Spontaneous formation” shows that the process is self-directed and self-controlled 

without any excessive external assistance. “Pre-existing” distinguishes the difference 

between self-assembly and patterning as the latter does not have any “pre-existing” 

components. Formation of “Organized structures” from a “stochastic” stage indicates that 

the self-assembly process well designed and organized while “proper design of the 

components”, “environment”, and “driving force” emphasize on the necessary components 

to realize the self-assembly process [2-6].  

          Self-assembly may sound like a technical term that only exists in science and 

research. However, as we dig through the definitions of self-assembly, we can find self-

assembly in every aspect of our lives [7-12].  Self-assembly can be as large as the 

formation of the galaxy millions of light years away from us and as small as the 
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Deoxyribonucleic Acid (DNA) double helix that is in the human body [13, 14]. Figure 

1.1a shows the Pinwheel Galaxy M101, which was first discovered in 1781 by Pierre 

Méchain [15, 16].  The M101 galaxy contains around a trillion of stars, particles, clouds, 

and molecular gases. Under the influences of gravities and interactions between the starts, 

they manage to self-assemble into a well-organized spiral structure with a diameter of 

170,000 light years [17-20]. Figure 1.1b illustrates the fundamental element of all known 

forms of life – DNA [21-23]. From a single atom to the two complementary nitrogenous 

bases of DNA strands and to the double helix structure, DNAs allow themselves to be 

self-assembled and organized perfectly so that important generic information can be stored 

and passed down from generations to generations [24-30]. 

 

Figure 1.1 Examples of self-assembly in the natural world. (a) Self-assembly of stars, 

particles, clouds, and molecular gases into the Pinwheel galaxy M101 [16]. (b) Self-

assembly of atoms into DNA double helix [23]. 

 

          Besides these two extreme examples of self-assembly, almost every aspect of our 

lives contains certain degrees of self-assembly, especially from the natural world. In the 

(a)                                                   (b)       
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rest of the chapter, we will look at a few self-assembly examples in the nature and see how 

artists and engineers attempt to mimic the natural self-assembly and create their own self-

assembly in the micro- and nano- world.   

1.2 Self-assembly evolution 

1.2.1 Self-assembly in nature 
 
          Self-assembly in nature is the most common phenomenon and is extremely 

important for studying and understanding the fundamentals of self-assembly of artificial 

and engineered structures [8, 31]. Needless to say, self-assembled structures in nature are 

way complex and advanced compared to the ones created by artists, scientists and 

engineers. However, understanding the interconnection between natural self-assembly and 

engineered self-assembly allow us to create structures, devices and machines that will 

share similar characteristics as the natural structures and even have functions that the 

natural structure does not have [32-37]. In the next few sections, we will look at 3 self-

assembly examples in the natural world: (i) Crystallization of salt crystals and ice crystals 

(ii) reversible self-assembly of pinecone reinforcement structure for pine seed dispersal; 

(iii) self-assembly of Venus flytrap leaves for predation. (J. H. Cho, Nanotechnology for 

Self-Assembly, Class lecture, University of Minnesota, Minneapolis, MN, Spring 2016) 

 

1.2.1.1 Crystallization of salt and ice crystals 
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          Crystal is a solid whose microscopic components are well orientated by a crystal 

lattice [38]. The macroscopic shape of the crystal follows the shape of the crystal lattice 

and can extend towards all directions of the lattice [39]. The most common crystals are 

salt (sodium chloride, NaCl) and ice [41-43]. The crystal of salt and ice are shown in 

figure 1.2a and figure 1.2b respectively. The macroscopic shapes of salt and ice are shown 

in figure 1.2c and 1.2d for comparison.  

 

Figure 1.2 Crystallizations of salt and ice. (a) Crystal lattice of salt (NaCl) [44]; (b) 

Crystal lattice of ice [45]; (c) macroscopic shape of salt crystals [46]; (d) macroscopic 

shape of ice crystals [47].   

 

          The crystallization process can be viewed as a self-assembly process. Considering a 

bowl of oversaturated salt water, the NaCl molecules in the salt water were initially 

disordered. When the water started to evaporate, the first salt crystal lattice shows up. The 

(a)                                          (b) 

(c)                                          (d) 
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disordered molecules in the salt water will spontaneously self-assembled to the organized 

salt crystal, resulting in the growth of the crystal while maintaining its original lattice 

shape. This crystallization process is the self-assembly of salt molecules from disordered 

stages in the water to an organized crystal state [48]. The driving force behind the self-

assembly is thermodynamics: the atoms or molecules approaching the crystal lattice are 

seeking for the most stable energy equilibrium stage, which is when the atoms or 

molecules are aligned with the crystal lattice [49]. The atoms or molecules will fill up the 

voids of the crystal and form an outer layer of the crystal. The same process repeats and 

eventually a well-organized crystal is self-assembled layer by layer.  

          For ice crystal formation, the situation is slightly complicated. As seen in figure 

1.2b, the crystal lattice of ice is in a shape of hexagon. A nucleus is first formed by the 

water droplet frozen on a dust or particle [50].  The initial shape of the ice crystal is 

hexagon, which followed the crystal lattice shape of the ice. As the ice nucleus continues 

to be exposed to the air, water vapors start to deposit on to the surface of the ice nucleus. 

Since the 6 corners of the hexagonal ice nucleus have larger contact with the water vapors 

in the air, the ice crystals at the corners grows faster than the rest of the ice nucleus, results 

in the final shape of the ice crystal [50]. The shape of the ice crystal is highly symmetric 

thanks to the perfect self-assembly process during the growth of the ice crystal [51, 52]. It 

is worth mention that not all ice crystals shapes the same. This is because the 

environmental conditions largely affect the crystal formation. With different humidity and 

temperatures, the ice crystal growth is also different, leading to various shapes of the ice 

crystals. Figure 1.3 shows different shapes of the snowflakes due to different temperature 
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and humidity in the atmosphere. However, exactly how environmental changes affect the 

shape of the ice crystal remains a mystery [53]. 

 

Figure 1.3 No two snowflakes are alike. Different shapes of the ice crystal depend on the 

environmental condition during ice crystal growth [53]. 

 

1.2.1.2 Self-assembly of pinecones 

 
          Pinecone is one of the masterpieces that the nature made to show us how self-

assembly works to benefit living organisms and maintain their reproduction and 

proliferation [54]. Pinecone is a reinforced structure whose main purpose is to protect the 

pine seeds and guarantee that the seeds are properly dispersed [55-58]. In order to 

guarantee a long distance seed dispersal, the seed dispersal needs to be done in a dry and 

windy weather condition. Pinecone is thus evolved to become a self-assembly structure 

using water precipitation or humidity as a trigger. The scale of the pinecone is a bilayer 

consists of tissues called stiff cellulose microfibril (CMF) [59, 60]. In the top layer of the 

pinecone scale, the CMF tissues are aligned along the length of the scale while in the 
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bottom layer of the pinecone scale, the CMF tissues are perpendicular to length of the 

scale (figure 1.4a). The bottom layer of the scale tends to expand and shrink more along 

the length of the scale compared to the top layer due to the perpendicular aligned CMF 

tissues. Upon wetting the scale, the bottom layer swells faster than the top layer, bending 

the scale upwards to protect the seeds inside the pinecone. Upon drying, the bottom layer 

shrinks fasters than the top layer, bending the scale downwards to release the seeds into 

the air for longer seed dispersal (figure 1.4b). This open and close process of the pinecone 

illustrates a perfect self-assembly actuator that is triggered with different environmental 

conditions (water and humidity) [59, 60]. 

 

Figure 1.4 Pinecone structure self-assembly: (a) bilayer of the pinecone scale consists of 

CMF tissues aligned or perpendicular to the length of the scale; (b) Pinecone opens and 

closes triggered by water. [54] 
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1.2.1.3 Self-assembly of Venus flytrap 

 
          Venus flytrap is another example of self-assembly actuator in nature [61]. The 

leaves of the flytrap contain small sensitive hairs. When the hairs are touch by insects 

crawling on the leaves, an electric signal is sent to the lower cells of the midrib. The signal 

triggered the hydrogen ions (H+) to move out of the cells. Hydrogen ions (H+) make the 

space outside the cells more acid and dissolve Calcium (Ca++), results in a softer tissue in 

the leaves. Since the Calcium concentration inside the cell increases, more water gets 

absorbed inside the cell and makes the leaves expand. Once the signal is no longer exist, 

the Hydrogen ions moves back into the cells and shrinks the leaves. The expanding and 

shrinking motions of the leaves is a self-assembly process which folds and unfolds the 

leaves in just about 100 ms. The self-assembly of Venus flytrap leaves clearly shows its 

significance towards the variety and complexity of the nature [62]. 



9 
	

 

Figure 1.5 Self-assembly of Venus flytrap leaves. The self-assembly of the leaves is 

triggered by the touching of the hairs on the leaves [62]. 

 

1.2.2 Artificial self-assembly – Origami Art  

 
          It is not difficult to notice that there are many man-made structures and ideas that 

shares similar characters as the self-assembly in the natural world. One of the most 

attractive artificial structures is the Japanese art of folding papers – Origami [63, 64]. The 

word “Origami” came from “Ori” meaning folding in Japanese and “kami” meaning paper 

in Japanese [65]. Origami is an art, also a technique to transform a piece of flat paper into 

various structures that represent objects that we see in our daily lives. Origami uses 

different folding techniques (e.g., valley fold, mountain fold, cushion fold, squash fold, 

square folding, etc.) to achieve the proposed shapes (figure 1.6a-1.6c) [66, 67, 68]. We can 



10 
	

see the similarities between self-assembly and Origami (figure 1.6d): (i) both of them 

starts from a pre-existing component; (ii) Both of them experience environmental changes 

or triggered by a driving force; (iii) Both of them have an organized final form. 

 

Figure 1.6 Japanese art of folding papers – Origami. Origami uses different folding 

techniques to transfer a piece of paper into 3D structures (a) Valley folding (b) Crease 

folding (c) Mountain folding. (d) Illustration of the origami paper folding process of 

making a flapping bird.  [68] 

 

1.2.3 Self-assembly of micro- and nano-structures 

 
        Even though Origami closely follows the example of self-assembly in nature, the 

driving force of the Origami (with the use of hands) extremely limits the capability and 

applications of the Origami. For example, the traditional Origami will not work properly if 

(a)                              (b)                                      (c) 

(d) 
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the desired structure is smaller than what hands can control. In addition, complex Origami 

structures require people with experienced skills to accomplish, which is not always 

available. Despite the disadvantages of the Origami self-assembly, researchers and 

scientists are inspired by the Origami and endeavor to develop novel self-assembly 

technique to fit the self-assembled structures into the micro and nano world.  

          A simple and typical micro-scale self-assembly inspired by Origami involved in two 

rigid panels and a hinge (shown in figure 1.7) [31, 69-81]. The hinge connected between 

two panels is made of materials that can respond to different stimuli (e.g., heat) and 

usually results in chemical or physical changes (e.g., melt). When the hinge’s physical 

property changes, a driving force (e.g., surface tension stress) is normally spontaneously 

generated, leading to the movements of the panels connected to the hinge. As shown in 

figure 1.7, the two rigid panels can be self-assembled and folded towards each other under 

a heating condition just like the closure of the Venus flytrap’s leaves and the folding of 

papers.  

 

Figure 1.7 Self-assembly in micro-scale. The micro-scale structure contains two rigid 

panels and one hinge connected between them. Heat triggers the hinge to melt and 

generate surface tension force to lift up the panels.  
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          Another example of self-assembly is self-curving in nano-scale [82-87]. Figure 1.8 

shows a nano-scale bilayer structure made of thin Nickel (Ni) top layer and thin Tin (Sn) 

bottom layer. When reactive ion etching (RIE) is applied to the structure, silicon (Si) 

substrate underneath the structure is being etched while Sn grains in the top layer start to 

melt and coalesce (figure 1.8a-e). The Sn grain coalescence introduces stress in the Sn-Ni 

bilayer and curves the structure upwards (figure 1.8f and g). This nano-scale self-assembly 

process is similar to the curving of pinecones upon wetting and drying. The differences are 

the driving forces of the self-assembly, the stimuli, and the materials and dimensions of 

the structures.  
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Figure 1.8 Self-assembly of nano-scale structures. Ni thin films with nano-scale 

dimensions are curving up due to the stress induced during Tin grain coalescence.  

 

          The ability to create complex 3D structures in micro- and nano-scale using self-

assembly is significant [31, 88]. First, self-assembly reduces the complication of creating 

3D structures using standard manufacturing techniques. The self-assembly process is fast, 

simple, and inexpensive. Second, self-assembly in micro- and nano-scale is compatible 

with current micro- and nano-fabrication processes. Functional structures and devices can 

be easily designed and developed by combining self-assembly and other fabrication 

techniques [89]. Third, self-assembly provides a hand-free method for controlling small 

200 nm 

1 μm 1 μm 
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Ni 

Sn 

Grain boundary RIE 
Self‐Curving a)                                  b)                                c)            

d)                                                     e)            

f)                                                     g)            
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objects and movements. This is extremely important when micro-robots and micro-

actuators are needed for medical and biological fields [90-95]. 

1.3 Self-assembly driving forces 

          It is not difficult to notice the similarities among self-assemblies in nature and in the 

micro- and nano-world. To have a better understanding of the man-made self-assembly 

process and help us design a self-assembly system, we need to revisit the important 

elements in the self-assembly definition. “Pre-existing components” is the precondition of 

designing any self-assembly system. By adjusting the pre-existing components, a final 

structure can be predicted and created. This gives the self-assembly a large freedom to be 

able to create any structures in our mind. “Environment” or “stimulus” is what triggers the 

self-assembly. It is the signal that the outside world gives to the structures or systems for 

them to act. Without stimulus, a system will remain its pre-existing status and loses its 

characters of being a self-assembly system. “Driving force” is what makes all the magic 

happens. For instance, in order to make the pinecone open and close, the swelling and 

shrinking differences between upper and lower scale is the driving force. To make two 

micro-scale panels folding together, a surface tension force is the driving force. Driving 

force is the connection between the stimulus and the actual self-assembly movement [31, 

96-100]. In the following sections, different self-assembly driving forces and stimuli will 

be discussed. It is critical to understand various driving forces and stimuli before 

designing self-assembly systems.  
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1.3.1 Pneumatic force-driven self-assembly 

 
          Pneumatic force-driven self-assembly uses flexible chambers and joints to realize 

self-assembly [101-104]. When fluids (e.g., air, water) are pumped into the chambers, the 

elastic joints are forced to bend and assemble the structure. The advantage of pneumatic 

self-assembly is that the folding is reversible through many pumping cycles. However, the 

structures for pneumatic self-assembly tend to be large (usually in millimeter scale) and 

the pumps and tubes have to be connected to the structure to make the self-assembly work. 

 

1.3.2 Magnetic force-driven self-assembly 

 
          Magnetic force-driven self-assembly is normally realized by designing the rigid 

structures with ferromagnetic materials (e.g., Ni, iron) with a flexible hinge [105-110]. 

Upon applying a magnetic field to the structure, the magnetic rigid structures move around 

the flexible hinge due to the magnetic field. This is an easy and inexpensive method to 

realize complex structures. The drawback of the magnetic force-driven self-assembly is 

that at least one point of the structure has to be anchored on the substrate, otherwise the 

applied magnetic field will push the entire structure away. In addition, final self-

assembled structure tends to be instable and returns back to its original form once the 

magnetic field is removed. Thus advanced locking mechanism is needed for this type of 

self-assembly. 
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1.3.3 Volumetric expansion-driven self-assembly 

 
          Hydrogel is one of the most common volumetric expansion materials for self-

assembly [111-117]. Hydrogel is a polymeric network that can absorb solvents and swell. 

Depends on whether the hydrogel is merged or detached to the solvent, it can swell or 

contract, results in bending, folding and wrinkling of the structures. Most of the 

volumetric expansion-driven self-assembly is reversible due to the unique property of the 

hydrogel. In addition, other factors like temperature, pH, and ionic concentration of the 

solvent can also affect the swelling and contracting behaviors of the hydrogel, making the 

self-assembly process more maneuverable. However the hydrogel volumetric expansion-

driven self-assembly needs to be conducted in an aquatic environment, which limits its 

applications. 

 

1.3.4 Differential thermal expansion-driven self-assembly 

 
          Differential thermal expansion-driven self-assembly usually contains a bilayer 

structure [118-121]. The materials for each layer are carefully selected so that the thermal 

expansion coefficient of each material is different from each other. After applying heat to 

the bilayer structure, the expansion of each layer is different due to the different thermal 

expansion coefficient, leading to the bend of the structure. By controlling the heat and the 

material properties of the bilayer, the curvature of the bending can be precisely predicted 

and adjusted. Trilayer and multiple joint structures can also be designed to create more 

complex 3D structures using differential thermal expansion-driven self-assembly. 
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1.3.5 Surface tension-driven self-assembly 

 
          Surface tension-driven self-assembly is one of the most common and simple self-

assembly methods [122, 123]. Rigid components are usually connected together by a heat-

sensitive hinge. Applying heat to the structure melts the hinge material and forms a liquid 

droplet shape between the rigid components. A surface tension force can be generated 

along the surface of the hinge droplet and pull the two rigid components closer. This is 

due to the surface trying to find the minimum energy state. The surface tension force is 

large enough to join the two rigid components and fold the structures. Once the heat is 

removed from the structure, the hinge re-solidified and secures the self-assembled 3D 

structures. Since hinges and panels can be freely designed and located, complex 3D 

structures can be easily created using surface tension-driven self-assembly.  

 

1.3.6 Shape memory-driven self-assembly 

 
          Shape memory gains many attentions in recent years to realize 3D self-assembled 

structures [75, 124-130]. Shape memory alloys (SMAs) are special alloys that have 

multiple transition stages at various temperatures. They are usually created at certain 

temperatures to form an original shape. The SMA can be then bended and deformed to 

any shapes. Upon placing the SMA back to the temperature it was created, the SMA can 

be automatically transformed back to its original shape. The self-assembly using SMAs 

has many benefits because of the programmable property of the SMAs. However, 
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fabricating SMA for self-assembly is considerably difficult due to the patterning issues 

and high temperature deposition.  

 

1.3.7 Thin film stress-driven self-assembly 

 
         Thin film stress-driven self-assembly also contains bilayers or trilayers in the 

structure [131-137]. Unlike differential thermal expansion-driven self-assembly, whose 

assembly process is triggered by heating, thin film stress-driven self-assembly maintains 

the stress inside the layers without any external stimuli. The stress between layers is 

normally due to the lattice mismatch, layer boundary conditions, and thermal coefficients 

during the thin film deposition processes. Since the layers are deposited on a substrate, the 

intrinsic stress does not affect the shape of the structure. Upon release the structure from 

the substrate, the structure is free from the restrict of the substrates, leading to the bending 

of the structures due to the stored stress.  Thin film stress-driven self-assembly is not as 

widely used as other self-assembly techniques because the stress generated during the 

deposition process is difficult to control and thus the assembly result is hard to predict. 

 

1.3.8 Shrinkage-driven self-assembly 

 
          The shrinkage-driven self-assembly refers to the self-assembly using an elastic 

hinge material (e.g., polyimide) that can shrink when high curing temperature is applied to 

the material [138, 139]. The shrink of the hinge causes bending of the structures. The 
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bending of the structures can be controlled by adjusting the curing temperature of the 

hinge. The disadvantage of the shrinkage-driven self-assembly is that normally a really 

high temperature (more than 200 oC) is required for the hinge to shrink, which may cause 

damage to other components within the structures. 

 

1.3.9 Cell traction force-driven self-assembly 

 
          Cell traction force-driven self-assembly is a newly developed area for self-assembly 

[140, 141]. The idea being that instead of using flexible and elastic polymers as the hinge 

materials, cells are being cultured inside a biological scaffold between the panels. The cell 

contraction can be triggered using electrical signals and pull the panels to realize self-

assembly. Regardless of the novel and unique idea of cell traction force-driven self-

assembly, there are still many problems related to it. The biggest problem is that the cell 

hinge itself is not robust enough to hold the entire structure together, which makes the 

self-assembled structure easy to break. 

1.4 Stimuli of self-assembly 

         Stimuli are the triggers for the driving force to occur at the beginning of the self-

assembly process. It is noticed that stimulus and driving force are not one-to-one 

correspondence, meaning that several stimuli can be used to trigger a certain type of self-
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assembly, while one stimulus can also be used by multiple driving forces. Common self-

assembly stimuli are listed in the sections below. 

 

1.4.1 Heat triggered self-assembly 

 
         Heat is the most common stimulus to trigger thermo-responsive self-assembly 

process [75, 118-123, 128-130, 138, 139]. Applying constant heat to the structure can 

result in the melting of the hinges in surface tension-driven self-assembly, the 

transformation of the SMAs, the shrinkage of polyimide hinges, and the swell and contract 

of the bilayers for differential thermal expansion-driven self-assembly. In addition, 

different temperatures of the solvent can also affect the swelling of the hydrogels, leading 

to different self-assembly shapes. The advantages of heat stimulus are that it is easy to 

apply to the structure and can realize reversible self-assembly for most of the cases. 

However, the heat capacity of the common heat source (e.g., hotplate, hot water bath) is 

relatively large (C=Q/ΔT, C is the heat capacity, Q is the transferred heat, and ΔT is the 

temperature difference), which makes the thermal response of the heat source slow. The 

temperature change of the structure surface is thus difficult to control, which is not 

suitable for fast-responsive applications and precisely controllable self-assembly. 

 

1.4.2 Solvent triggered self-assembly 
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          Solvent stimulus is widely used in hydrogels for volumetric expansion-driven self-

assembly and used as the pumping fluid in the pneumatic self-assembly [101-104, 111-

117]. In most of the situations, the water in the solvent can react with water-responsive 

polymers (e.g., hydrogels) to introduce swell and contract in the polymer. Solvent 

stimulus is always combined with other stimuli (e.g., temperature, pH, concentration) to 

trigger the self-assembly process. The advantage of solvent-triggered self-assembly is that 

the trigger (solvent) is easy to obtain and self-assembly process is simple and inexpensive. 

The disadvantage of the solvent-triggered self-assembly is that the assembly needs to be 

conducted in an aquatic environment, which limits its applications. 

 

1.4.3 pH triggered self-assembly 

 
         Self-assembly triggered by pH uses polyelectrolytes as the active material. pH 

sensitive materials can be seen as smart hydrogels [116, 143-145]. Similar to water 

response of hydrogel, pH sensitive materials response to both water and pH in the solvent. 

Such materials can be made into bilayer structures. When pH in the solvent changes, the 

swelling ratio between the top and bottom layers also varies, which leads to a bending of 

the structure. Gracias et al studied the swelling ratio differences of N-isopropyl-

acrylamide (NIPAm) and its bilayers under different pH levels, illustrating the possibility 

of using pH to tune the self-assembly process. However, like hydrogel, the pH triggered 

self-assembly needs to be conducted in an aquatic environment. 
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1.4.4 Other triggers for self-assembly 

 
          There are many others stimuli for self-assembly like magnetic field [105-110], 

electric signal [146-148], enzyme [149], ionic strength of the solvent [98,150-152], 

pressure [101-104], and light [125-127]. Each of the stimulus has its unique way of 

generating the driving force for the self-assembly. I will not list the details for each of the 

self-assembly stimuli but learning the stimuli and driving forces is the first step to 

understand the self-assembly process. In addition, each driving force and stimulus has its 

own advantages and disadvantages. Wisely choosing the suitable method depending on 

the condition of the self-assembly is the key to design a successful self-assembly system. 

1.5 Quick summary 

          Table 1.1 is a quick summary of all the common driving forces and stimuli for 

micro-scale and nano-scale self-assembly. The materials, dimensions, advantages and 

disadvantages of those methods area also listed for better comparisons between each 

method. 
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Table 1.1 Self-assembly driving forces and stimuli 
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Chapter 2 

Remotely Controlled Self-Assembly Overview 

2.1 Current issues of direct-triggered self-assembly 

          Among above mentioned self-assembly techniques, direct interactions or contacts 

between the stimuli and the structures are normally required to trigger the self-assembly 

process. For example, during the surface tension-driven self-assembly process, the heat 

energy usually comes from an external source (e.g., hotplate, hot water bath) [153-156]. 

The thermal-sensitive hinges normally have direct contact with the hotplate or are merged 

in the hot water bath to achieve a rapid temperature increase. For volumetric expansion-

driven self-assembly, physical/chemical reactions occur when the solvent-sensitive hinges 

are merged inside the solvent, triggering the self-assembly [157-160]. We call this type of 

self-assembly direct-triggered self-assembly because the stimuli and the structures are in 

direct contact. Direct-triggered self-assembly has its benefits of short response time, fast 

self-assembly process, and simple and easy system setup. However, because of the 

structures to be self-assembled cannot be accessed during the process, the manipulative 

capability and yield of the direct-triggered self-assembly are usually low, which limits its 

applications. In addition, the direct-triggers cannot be applied in situations where the self-

assembly has to be conducted in a confined and non-accessible environments [161]. 

Moreover, due to the high specific heat of the hotplate and hot water bath, the heat energy 

cannot be precisely controlled, which makes it difficult to realize precisely controlled self-
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assembly process and prevent the self-assembly technique to be used in various 

applications. 

          In addition, some self-assembly applications require the assembly of 3D structures 

to be completed in situations where the energy source or the environmental changes 

adjacent to the 2D structures to be assembled are not accessible. For example, self-

assembly drug delivery system has to be assembled and dis-assembled inside human 

bodies to deliver the drugs to targeted organs and tissues for its maximum effects. This 

cannot be realized using direct-triggered self-assembly techniques because the heat or 

solvent triggers cannot pass through organ or tissue barriers to reach the structure to be 

assembled. 

2.2 Theory of remotely controlled self-assembly 

          To alleviate above issues of direct-triggered self-assembly, indirect triggers have 

been used to realize remote-controlled self-assembly. Common remote-controlled energy 

sources include laser [162, 163], light [164, 165], and electromagnetic energy [161]. By 

applying electromagnetic energy or intense laser/light, heat can be generated locally on the 

surface of the sample or at the hinge areas. The localized heat can melt the hinge materials 

to trigger the self-assembly process. The localized heat generation can be precisely 

adjusted and controlled by the remotely located triggers (e.g., laser, light). This remote 

controls of the self-assembly process does not requires direct contacts between the 

structure and the triggers, increasing the manipulative capability of the process. However, 

complicated and expensive optical/laser systems are required to generate the laser/light 
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source and focus the laser/light on the hinge areas of the sample. In addition, laser/light 

triggered self-assembly requires the hinge to be exposed to the laser/light source, which is 

inconvenient in situations where the structure to be assembled in located in a closed 

environment (e.g., human body). In addition, in order to generate enough heat to trigger 

the self-assembly process, the light-sensitive hinge area needs to be large enough (usually 

in millimeter scale), which is not compatible with micro- and nano- technologies. 

 

Figure 2.1 Remotely controlled self-assembly triggered by LED lights with different 

wavelengths (blue and red in color). Hinges with different colors can selectively absorb 

lights with different wavelengths, results in selective self-assembly of the structures [165]. 

2.2.1 Remotely controlled electromagnetic energy source  

 

          In order to address above problems of current indirect triggered self-assembly, in 

this Ph.D. work, we have developed a remote-controlled self-assembly technique using 

electromagnetic energy to avoid direct contact between the structures and the energy 

sources, and to achieve precise control of self-assembly [161]. The electromagnetic energy 

RED LED Blue LED 

RED LED Blue LED 
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induces eddy current and joule heating, causing the temperature of the structural materials 

(i.e., metal thin films) or the hinge materials (e.g., graphene ink, metal particles) to 

increase and trigger self-assembly (figure 2.2) [161]. The remotely applied 

electromagnetic energy leads to quick and accurate control of the self-assembly of 

polymer panels, which are ideal for rapid self-assembly applications and remotely 

controlled applications. The remotely controlled electromagnetic self-assembly combines 

surface-tension-driven self-assembly and electromagnetic heating, providing an ideal route 

to fast and precise self-assembly process. Since electromagnetic heat can generate a large 

amount of thermal energy within small areas, the dimension of the self-assembled 

structure can be reduced to micro-scale, enhancing the compatibility of the remotely 

controlled self-assembly with micro-fabrication techniques. 

 

 

Figure 2.2 Remotely controlled self-assembly using electromagnetic energy 

 
          Depends on the frequency of the electromagnetic field, the electromagnetic energy 

source can be separated as microwave energy source and induction energy source. For 

microwave energy source, high frequency electromagnetic wave (2.45 GHz) is generated 

using a magnetron [161]. The generated electromagnetic wave is then directed by a 

waveguide to the sample. The entire system needs to be properly isolated due to the 

Hinge 

Panel 

Surface tension force Self-Assembly 

Molten hinge 
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danger of microwave to human beings. The induction energy source is constructed with an 

induction coil connected with an induction generator circuit. A magnetic wave of a few 

hundreds of MHz can be generated through the induction coils by applying AC power to 

the coil. Since the frequency of the induction electromagnetic field is much lower 

compared to the microwave electromagnetic field, induction is not harmful to human 

beings. Both microwave and induction energy source can generate electromagnetic fields 

that can be remotely applied to the structure for self-assembly. Both of them have their 

advantages and disadvantages. Microwave remotely controlled self-assembly can be used 

in situations that rapid assembly is required. Since the microwave electromagnetic field 

has high power and frequency, an assembly of under 10 sec can be easily realized. 

However, the microwave energy is harmful to living tissues and organs, which is not 

suitable for biomedical applications like drug delivery, biomedical sensing, cell 

encapsulation, and cell culture [166-174]. Induction induced magnetic field operates at a 

frequency of a few MHz to hundreds of MHz, which is high enough to generate heat to 

trigger the self-assembly process but low enough not to harm human bodies and living 

tissues and organs. The drawback of induction self-assembly is that the strength of the 

magnetic field is decaying exponentially with increase of the distance between the object 

and the induction coil. In order to realize long distance remotely controlled self-assembly, 

special coil designs and high power and high frequency induction systems need to be 

considered. 
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2.2.2 Eddy current generation by electromagnetic wave 

 
          The remote-controlled self-assembly is driven by the eddy current heat generation 

process inside metal thin films. The generated rapid-alternating magnetic field (H) 

penetrates through the metal thin films and induces a loop of electric current (I), namely 

eddy current, in the metal thin film due to the changing magnetic field (H) (figure 2.3). 

The generation of eddy current inside metal thin film under changing magnetic field can 

be explained by Faraday’s law of induction [175, 176]. According to Faraday’s law of 

induction, when an alternating magnetic field (B) is applying to a thin sheet of conductor, 

a magnetic flux (ΦB = B × S when magnetic field is constant, where S is the surface of the 

conductor) is generated through the surface of the conductor, which can be defined as the 

surface integral of the magnetic field (B) components normal to the surface (S): 

Φ ∬ ∙
	

																																																														 1                          

          Since the magnetic field (B) applied to the conductor is changing with time，

magnetic flux (ΦB) is also changing accordingly, which creates an electric field (E) inside 

the conductor. The generated electric field (E) is circulating around the magnetic field line 

and the direction of the electric field (E) is counterclockwise against the magnetic flux:  

																																																												 2  

          Where  is the curl of the electric field vector and  is the time-variable 

magnetic field. 

          This electric field loop inside the thin sheet of conductor creates a loop current (I) 

circulating inside the thin sheet, which is defined as eddy current [175, 176]. The 
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generation of eddy current can also be explained by Lenz’s law. According to Lenz’s law, 

the changing magnetic flux (ΦB) introduces an electromotive force (EMF) inside the thin 

sheet of conductor: 

Φ
																																																															 3  

          Where ε is the EMF and dΦB is the changing magnetic flux with time (t). The 

generated EMF is applied to the mobile charge carriers (electrons) inside the conductor, 

which drives the electrons to move accordingly and generate the eddy current (I). The 

direction of the eddy current can be determined by such that it generates a magnetic field 

that opposes the changing field that produces it. 

 

 

Figure 2.3 Eddy current (I) generation by electromagnetic field (H) inside metal thin 

films. 

 

2.2.3 Eddy current heat generation 
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          Eddy current (I) is circulating inside the metal thin film and is flowing against the 

resistance (R) of the thin film (figure 2.4). According to Joule’s effect, when the current 

passes through the conductor, part of the electrical energy converts to heat energy through 

resistive losses due to the collision and friction of the electrons and conductor atoms 

inside the conductor [177, 178]. The power dissipation (P) of the eddy current (I) due to 

joule loss depends on the resistivity of the conducting material and the eddy current itself 

(I) [179, 180]: 

∝ ∙ 																																																																			 4  

          Taking eddy current, magnetic field properties, conducting material properties and 

thin film dimensions into consideration, equation 4 can be rewrite to a more complicated 

form [181]: 

∙ ∙ ∙
6 ∙ ∙ ∙

																																																							 5  

          Where P is the power dissipation by eddy current per unit mass [W/kg], Bp is the 

peak of magnetic field [T], d is the thickness of the metal thin film [m], f is the frequency 

of the magnetic field [Hz], κ is a constant (κ = 1 for thin sheet of conductor), ρ is the 

resistivity of the metal thin film [ohm⸳m] and D is the density of metal thin film [kg/m3]. 

The power dissipation by eddy current inside the thin film of conductor can then be 

converted to heat generation by relating the power dissipation of eddy current (thermal 

energy) with temperature raise of the thin film using specific heat capacity of the 

conducting thin film [182]: 

∆
∙
∆

																																																																	 6  
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          Where C is specific heat capacity of the conducting material, Q is the thermal 

energy, T is temperature and P is the power dissipation by eddy current. Equation 6 shows 

that the temperature changes (ΔT) of the conducting thin film due to the power dissipation 

by the eddy current circulating inside the thin film. Metal thin films with nano-scale 

thicknesses are used to verify my theory. When alternating magnetic field is applied to the 

metal thin film, eddy currents can be created inside the metal thin film. The generated 

eddy currents flows against the resistance of the metal thin film and generate thermal 

energy by joule heating. The thermal energy in the metal thin film results in the rapid 

temperature increase of the metal thin film to realize remote-controlled heat generation of 

metal thin film. 

 

Figure 2.4 Eddy current heat generation. Eddy current (I) inside the metal thin film flows 

against the resistance (R) of the thin film, which results in Joule heating. 

2.3 Design of remotely controlled self-assembly 

          To realize remotely controlled self-assembly of micro-scale structures, the pre-

existing components of the 2D micro-scale structures consists of rigid panels and thermal 

sensitive hinges. The heat generation from the eddy current in the metal thin film triggers 
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the thermal sensitive hinge to reflow, leading to a surface tension force generation. The 

surface tension force lifts up the rigid panels and transform the 2D pre-existing micro-

scale structures into 3D structures (figure 2.2). In this case, the surface tension force is the 

driving force for the remotely controlled self-assembly. After the electromagnetic field is 

removed from the structure, the hinge temperature drops dramatically due to heat 

dissipation to the environment and re-solidifies to secured the self-assembled 3D structure. 

2.4 Advantages of remotely controlled self-assembly 

          The advanced remotely controlled self-assembly technique using electromagnetic 

energy can be used to create 3D self-assembled structures for various applications, 

including 3D sensors [89, 183-185], carriers [186], and microbots [187-190]. In addition, 

the ability to build 3D structures on a micro-scale is essential because micro-scale self-

assembly allows for the realization of 3D structures that can be used for 3D terahertz 

(THz) sensors [191-193] and biomedical devices designed for in vivo operation [194-198]. 

Also, multiple and sequential self-assembly can be realized under a single remotely 

located energy source by applying different hinge materials, angle locking mechanisms 

and different configurations of the hinge structures. This allows the development of 

complex 3D microstructures with multiple configurations. In addition, induction magnetic 

field can penetrate through biomaterials and the generated heat is localized only on the 

surface of the microstructures. Induction heating can trigger self-assembly without 

harming live organs or tissues, showing the potential for biomedical applications like cell 

encapsulation, cell cultural, biomedical sensing, and drug delivery. Using remote-
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controlled assembly technique to secure drugs in a 3D structure and remotely control the 

release of drugs in specific locations of the body can reduce the side effects of drugs to 

minimum.  
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Chapter 3 

Remote-Controlled Microwave Driven Self-
Assembly 

3.1 Theory of Microwave triggered self-assembly 

          A novel 3D self-assembly of microstructures using remote-controlled microwave 

energies has been developed [161]. A remotely located microwave energy source can 

generate high frequency microwave that triggers the localized heating of the 

microstructures to trigger the self-assembly process. The assembly of the panels can be 

precisely controlled by adjusting the microwave energy source, which improving the 

manipulative capability of the remote-controlled self-assembly process in situations where 

the energy sources are not controllable and accessible. Microwave can trigger the self-

assembly process from a long distance due to its high frequency and strong 

electromagnetic field, which is suitable for applications where the structure is far away 

from the energy source. 

The remote-controlled self-assembly process is driven by eddy current heat 

generation within the metal thin films (figure 3.1) [161]. A magnetron with a high 

frequency of 2.45 GHz is used as a remote-located energy source (figure 3.1a). The 

magnetron can generate a rapid-alternating electromagnetic wave (B) that penetrates 

through the thin metal films, resulting in a loop of eddy current (I) inside the metal thin 

film [175, 176]. The eddy current inside the metal thin film flows against the resistance of 

the metal (R), which dissipates energy as heat to its surroundings (figure 3.1a). This eddy 
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current heat generation process is called Joule heating, which is caused by the collision 

and friction between the electrons and conductors inside the metal [177-180]. Above eddy 

current heat generation induced by microwave can be applied to a 2D microstructure 

freestanding on a substrate with a thin metal film (Cr). As the microwave is applying to 

the Cr thin film, the heat can be generated within the Cr film and passed to the polymer 

hinges (polycaprolactone, PCL or SPR-220). The temperature of the hinges exceeds the 

melting point of the hinges and triggers the reflow the polymer hinges, which generates 

surface tension force (figure 3.1b and 3.1c). The panels that are connected by the hinges 

are made of SU-8 resist, which is rigid during the heating process. Thus the generated 

surface tension force can lift up the SU-8 panels and trigger the self-assembly of a 2D 

microstructures to a 3D cubic structure. After the microwave is removed from the sample, 

the eddy current heating process stops, which results in the rapid temperature drop of the 

samples due to the low mass and large surface areas of the Cr thin film. The hinges are re-

solidified and secure the panels and the entire shape of the 3D microstructure (figure 3.1b 

and c). Two different configurations of the micro structures can be designed to illustrate 

the microwave driven remote-controlled self-assembly: anchorless design (figure 3.1b) 

and anchored design (figure 3.1c). The anchorlss design (figure 3.1b) shows the 

microstructure with a thin Cr film embedded under the SU-8 panels. This design allows 

the structure to be self-assembled without attaching to a substrate that has a pre-deposited 

Cr layer. The self-assembly of an individual microstructure can be achieved using the 

anchorless design due to the fact that the heat generation comes from each Cr thin films 

within the SU-8 panels. PCL is used as the hinge material because of the low melting 

point of PCL (60 oC), compensating for the small area of the Cr films for the anchorless 
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design. For anchored design (figure 3.1c), the Cr thin film is deposited on the entire glass 

substrate under the microstructures to achieve a large heat generation. The microstructures 

are supported on the Cr/glass substrate by a thick Cr pillar and do not have any contact 

with the substrate. SPR-220 hinges are used for this anchored design with a melting point 

of around 100 oC due to the easier fabrication process of the SPR-220 hinges compared to 

PCL hinges.   

 

Figure 3.1 Illustration of remotely controlled 3D self-assembly using microwave Energy 

[161]. (a) Heat power generation within a Cr thin film via eddy current looping in the Cr 

film against the resistance of the Cr. The eddy current is induced by electromagnetic 

waves generated by a magnetron. Self-assembly of cubic structures consisted of a nano-

scale Cr film, SU-8 panels, (b) PCL hinges and (c) SPR-220 hinges. Hinges are melted 

due to heat generation within Cr, inducing surface tension force on the hinges, leading to 

self-assembly. (d) A microwave system for remote-controlled self-assembly. Generated 
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microwave energy is applied to the sample through a waveguide in a remote location 

without physical contact, inducing heat generation for self-assembly.  

3.2 Remotely controlled microwave system setup 

         A commercialized magnetron (Galanz M24FA-410A) with a power of 1050 W was 

used for the microwave energy source, which operates at a frequency of 2.45 GHz [161]. 

A waveguide is used to guide the generated microwave towards the sample to be self-

assembled. The sample was placed on a plastic holder upon assembly to reduce the effects 

of the sample holder on the heating process (figure 3.2). Since the microwave is remotely 

applied to the microstructure though a magnetron and a waveguide, no direct contact 

between the sample and the energy source is required (figure 3.2). The remotely 

microwave generates a localized heat energy on the microstructures, leading to the reflow 

of the hinges and trigger the self-assembly process. 

 

Figure 3.2 A microwave system for remote-controlled self-assembly [161]. Generated 

microwave energy is applied to the sample through a waveguide in a remote location 

without physical contact, inducing heat generation for self-assembly.  
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3.3 Sample design 

3.3.1 Anchored and anchorless design of the micro-scale 
structures 
 
          To achieve the remote-controlled self-assembly of microstructures using microwave 

energy, a 2D microstructure with SU-8 panels and polymer hinges (PCL or SPR-220 

depends on the design) was fabricated on a glass substrate upon applying microwave 

energy to the sample [161]. A 300 nm Cu was used as the sacrificial layer between the 

glass and the 2D microstructure for releasing the 2D microstructure before self-assembly.  

          If the structure is anchored to the substrate, the Cu sacrificial layer are partially 

etched to detach the structure from the Cr thin film substrate while the 2D structures still 

maintain its original positions on the substrate. When remote-controlled electromagnetic 

energy is applied to the sample, heat is generated inside the Cr thin film due to the eddy 

current effect describe above and the heat transfers from the Cr thin film to the 2D 

structures on the Cr thin film. Since the distance between the 2D structure and the Cr thin 

film is small (300 nm, defined by the thickness of the Cu sacrificial layer), the majority of 

the heat generated by the eddy current can be transferred to the 2D structure. Large heat 

generation leads to high temperature localized on the 2D structures, which exceeds the 

melting point of the polymer hinges. The molten hinges can generate surface tension 

forces to lift the panels and realize self-assembly of 2D structures to 3D structures. After 

the microwave is removed from the sample, the temperature of the sample rapidly 

decreases, leading to the re-solidification of the hinges. The hinges are not only patterned 

between panels but also located on each side of the panels, results in the design of self-

locking structures. When the panels are folded to 90 degrees, the two adjacent panels are 
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connected to each other with the hinges locking the position of the two panels to prevent 

over-folding. Thus a 3D well-shaped folded cubic structure can be created using this 

method. 

          If the structure is anchorless, instead of using polymeric rigid panels, metallic 

panels are used to generate heat under electromagnetic field [161]. The panels and hinges 

are built on a Cu sacrificial layer. The structure is then completed released from the 

substrate by etching the Cu sacrificial layer using Cu etchant. Upon self-assembly, the 

structure is placed on a paper substrate. Electromagnetic field creates eddy current inside 

the metallic panels and generates heat to trigger the self-assembly process. 

 
          Depends on the two different configurations of the micro structures (anchored or 

anchorless), the materials used for each component of the structure are also different 

[161]. For anchored structures, metal film is deposited on the entire glass substrate to 

achieve a large area for higher heat generation. Cr is normally used for this purpose. The 

material of the substrate is glass to eliminate the effect of the substrate from the 

electromagnetic heating. The thickness of the Cr thin film on the glass substrate varies 

from a few nanometers to tens of nanometers. The panel material is a photoresist called 

SU-8 2010 (MicroChem). SU-8 resist becomes hardened and is resist to heat and most 

solvents when hard-baked, which is ideal for rigid panels.  SPR-220 7.0 photoresist 

(MicroChem) is usually used as the hinge material (with a melting point of around 100 

oC). Since the Cr film is deposited on the entire glass substrate, the heat generation is large 

enough to melt the SPR-220 hinges and trigger the self-assembly process. 

          For anchorless structures, the metal films can be either embedded in the SU-8 

panels or used as the entire panels to achieve self-assembly without attaching to a 
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substrate. This allows a single microstructure to be self-assembled using microwave 

energy. Any metals with ferromagnetic properties and are resist to Cu etchant (e.g., Ni, 

Cr) can be both used for this purpose. Since the metal film area exposed to the 

electromagnetic field is much smaller compared to anchored structures, PCL hinge is used 

due to its low melting point of 60 oC.  

 

Table 2.1 Comparison between anchored and anchorless self-assembly 

 Anchored Anchorless 
Substrate Glass Paper 

Heating component Cr adhesion layers Cr or Ni panels 
Panels SU-8 SU-8 and/or Metal 
Hinges SPR-220 resist PCL 

Advantages Realization of an array 
of self-assembled 

structures, high yield 

Individual structure 
control, low temperature 

requirement 
Disadvantages High assembly 

temperature required 
Low yield 

 

3.3.2 Substrate selection 

 
          For anchorless structure, the structure was placed on a paper substrate before self-

assembly [161]. Choosing paper material as a substrate eliminates the effect of the 

substrate to the heating process since paper does not react with electromagnetic field. For 

anchored structure, the structure was attached to the substrate that contains glass and a thin 

layer of Cr. In this case, glass is used as an inert supporting substrate and Cr thin film is 

used as the electromagnetic heating layer. 
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3.4 Fabrication process 

          The Cr thin films can be either placed on a glass substrate to realize a self-

assembled cubic structure array or in each microstructure for substrate-free self-assembly 

applications [161]. In both cases, 2D structures (SU-8 panels and polymeric hinges) are 

patterned using conventional photolithography process. For self-assembly on a substrate, 

the Cu sacrificial layer is partially etched to detach the structure from the Cr thin film 

substrate while the 2D structures still maintain their original positions on the substrate. For 

substrate-free self-assembly, the entire structure is released from the glass substrate and 

transferred onto a paper (inactive to microwave energy) to simulate the in-situ 

environment.  

 

3.4.1 Anchored structures 

 
          To fabricate 2D micro-scale structures for self-assembly on a substrate, a 1 μm Cr 

was patterned on the glass substrate to support the 2D structures (figure 3.3a). A Cr heat 

generation layer with various thicknesses (from 10 nm to 15 nm) and a 300 nm thick Cu 

sacrificial layer were then deposited on the substrate using an E-beam evaporation process 

(figure 3,3b), followed by a 30 nm thick aluminum oxide (Al2O3) pattern (figure 3.3c). 

The purpose of this Al2O3 layer is to separate the panels and hinges from the substrate to 

prevent the adhesion between panels/hinges and the substrate. 16 μm thick SU-8 panels 

and 24 μm thick SPR-220 hinges were patterned on the Al2O3 layer using 

photolithography process (figure 3.3d and 3.3e). The Cu sacrificial layer was then 
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removed by immerging the sample in the Cu etchant (figure 3.3f). The sample was then 

rinsed with deionized (DI) water and dried in air. Since a 1 μm Cr is used to support the 

panels and hinges, the 2D structures remain at their original positions on the substrate. The 

sample was then placed on the sample holder inside the microwave system chamber and 

microwave was applied to the sample to induce heat generation by eddy current inside the 

Cr thin films on top of the glass substrate. SPR-220 hinges were melted due to the heat 

generation and the generated surface tension force leads to the self-assembly of the 2D 

structures to 3D cubic structures (figure 3.3g and h). Optical microscopic images show the 

2D micro-scale structures (figure 3.3i), self-assembly structures during the folding process 

(figure 3.3j), the totally folded 3D cubic structure (figure 3.3k), as well as the 3D self-

folded cubic structure array on the glass substrate (figure 3.3l).  

 

Figure 3.3 Fabrication of cubic structures for self-assembly on substrate [161].  (a-h) 

Illustration of the fabrication process of cubic structures on a glass substrate. (i-k) Optical 

images of a 2D micro structure (i), a half-folded micro structure (j), and a folded micro 

structure (k). (h) Optical image of a cubic structure array folded using remote-controlled 

microwave energy. 
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3.4.2 Anchorless structures 

 
          Since the substrate-free self-assembly requires the release of 2D structures from the 

substrate, the 1 μm thick Cr (Figure 3.3a) and Al2O3 pattern (figure 3.3c) are not 

necessary. A 10 nm thick Cr adhesion layer and 300 nm thick Cu sacrificial layer were 

deposited on the glass substrate using E-beam evaporation process (figure 3.4a and 3.4b). 

On top of the Cu sacrificial layer, a 150 nm thick SU-8 protection layer was patterned 

using a photolithography process (figure 3.4c), followed by a 100 nm thick Cr heat 

generation layer (figure 3.4d). A thicker Cr layer (100 nm) is used in this case to 

compensate the small area of Cr patterns and maximize the heat generation. 16 μm thick 

SU-8 panels and 24 μm thick PCL hinges were then patterned on the Cr layer (figure 3.4e 

and 3.4f). PCL hinge patterning process includes the preparation of PCL solution by 

dissolving PCL in tetrachloroethane [Cl2CHCHCl2] solvent, patterning of SPR-220 as 

sacrificial layer for PCL lift-off, spin-coating PCL solution on the sample and baking at 45 

oC overnight to form PCL thin film and lifting-off PCL thin film to achieve PCL hinges. 

The 2D microstructures were then released from the substrate by etching the Cu sacrificial 

layer and transferred to a paper substrate (figure 3.4g). A single 2D structure was then 

placed in the microwave chamber for the substrate-free self-assembly (figure 3.4h). 

Optical microscopic images show the 100 nm thick Cr heat generation layer (figure 3.4i), 

16 μm thick SU-8 panels on the Cr thin film (figure 3.4j), the fabricated 2D 

microstructures on the paper substrate (figure 3.4k), as well as the folded 3D cubic 

structure (figure 3.4l).  
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Figure 3.4 Fabricated of cubic structures for substrate-free self-assembly [161]. (a-h) 

Illustration of the fabrication process of cubic structures for substrate-free self-assembly. 

(i-k) Optical images of a 100 nm thick Cr pattern (i), SU-8 panels (j), and a 2D micro 

structure on paper (k). (h) Optical image of a cubic structure array folded using substrate-

free remote-controlled microwave energy. 

 

3.5 Hinge reflow analysis 

To characterize the reflow of hinge materials for self-assembly, A 24 μm thick 

SPR-220 hinge was patterned on a glass substrate coated with a 20 nm Cr thin film [161]. 

The sample was then placed under the microwave radiations with a duration of 0 sec, 5 

sec, 10 sec, and 15 sec respectively. Optical images of the top view (figure 3.5a-d) and 

cross-section view (figure 3.5e-h) of the SPR-220 hinges are shown after each microwave 

radiation. It can be clearly observed that the SPR-220 hinges start to reflow as the surface 
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temperature of the sample exceeds the melting point of the SPR-220 (60 oC) at 5 sec and 

continue to melt as the microwave exposure time increases. The hinge reflow can be easily 

characterized by analyzing the contact angle of the hinge. As can be seen in figure 3.5e-h, 

the contact angle of the hinges decreases from 65 o to 35 o with the microwave exposure 

time increase (0 sec to 15 sec). The reduction of the contact angle illustrates the increase 

of the hinge reflow. To quantify the heat generation by eddy current heating inside the Cr 

thin film, an infrared camera (Seek Thermal CompactPro Thermal Imaging camera) was 

used to record the surface temperature of the sample during the microwave heating 

process at each exposure time (figure 3.5i-l). The temperatures taken from the center of 

the sample (indicated in figure 3.5i-l) were then calibrated using a thermocouple with an 

error of +/- 0.5 oC. The calibrated surface temperatures of the sample were plotted and 

shown in figure 3.5m. The surface temperature of the sample (red line, figure 3.5m) 

increases from 28 oC (room temperature) to 177 oC in just 15 sec. The surface 

temperature, heat power generation, and thermal energy of the 20 nm Cr film can be 

modeled using Faraday’s law of induction and specific heat [64, 65]. As the high 

frequency magnetic field (B) is applying to a thin metal film (Cr), the magnetic flux (ΦB = 

B × S, where S is the surface area of the metal film) is created through the surface of the 

film. This magnetic flux (ΦB) is accompanied by an electric field (E, where ×E = - ∂B/ 

∂t), which generates the eddy current (I) inside the metal film. The eddy current (I) 

circulates in the Cr film and flows against the resistance (R) of the Cr, results in the 

dissipation of energy as heat with a power dissipation (P) (equation 5). The surface 

temperature of the sample increases linearly with the increase of the microwave exposure 

time (t): ∆T = Pꞏt/C, where ΔT is the surface temperature increase and C is the specific 
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heat capacity of the metal film (figure 3.5m). A good agreement between the experimental 

data and the modeled data can be seen in figure 3.5m. Figure 3.5n and 3.5o show the heat 

power generation (P) and the thermal energy (Q = P × t) of the Cr film at different 

microwave exposure time respectively. The modeled power generation and thermal energy 

have a good agreement with the measurements. 

 

Figure 3.5 Hinge reflow and surface temperature analysis of micro-structures [161]. (a-d) 

Top view of the reflow process of 24 μm thick SPR-220 photoresist hinges with 

microwave exposure time from 0 sec to 15 sec. (e-h) Cross-section view of the 

corresponding hinge reflow shown in (a-d). Contact angle of the SPR-220 hinge varies 
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from 65o to 35o. (i-l) Surface temperatures of the 20 nm thick Cr film were captured using 

an infrared camera. (m) Surface temperature, (n) heat power generation, and (o) thermal 

energy generating within the 20 nm Cr film with different microwave exposure time were 

modeled and measured. 

3.6 Self-assembly of cubic structures 

3.6.1 Anchored structures 
 
         The remote-controlled self-assembly with an anchored design can be created with a 

20 nm thick Cr film deposited on a glass substrate (10 ×10 mm2) for the realization of an 

array of 3D microstructures (figures 3.6a-c, zoomed-in images are shown in figure 3.6d-f) 

[161]. For self-assembly of anchored structures, SPR-220 resist is used as the hinge 

material due to its easy fabrication process. As the surface temperature of the sample 

increases to the melting point of the SPR-220 (around 100 oC), the SPR-220 reflows and 

generate surface tension force to lift up the SU-8 panels and transform 2D microstructures 

into 3D cubic structures.  
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Figure 3.6 Micro-scale 3D cubic structures for remote-controlled self-assembly [161]. (a-

c) Real-time self-assembly process images of the cubic structures on a glass/ 20 nm thick 

Cr substrate. Images are captured using an optical microscope and camera at different 

microwave exposure time of (a) 0, (b) 0.5 t, and (c) t. (d-f) Zoomed-in optical images of a 

micro-structure shown in (a-b). (d) A 2D, (e) a half-way folded, and (f) a fully folded 

cubic structure are captured. (g) Optical image of an anchorless folded cubic structure with 

a 100 nm thick Cr film on the surface of SU-8 panels. 

 

3.6.2 Anchorless structures 

 
          For anchorless structures, a 3D microstructure can be self-assembled on a paper 

substrate (figure 3.6g) [161]. The entire 2D structure containing SU-8 panels and PCL 

hinges was first fabricated on a glass/Cr/Cu substrate. The Cu sacrificial layer was then 

etched away using Cu etchant to completely release the 2D microstructures from the 

substrate. The released structure was then transferred from the Cu etchant to DI water to 

remove excessive Cu etchant. The structures were then transferred to a paper substrate 
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upon self-assembly. The anchorless design allows the self-assembly of single 

microstructure, increasing the accessibility and controllability of the assembly process. 

The ability to remote self-assemble individual microstructure also allows the assembly 

process to be conducted in a restricted environment where energy source is not accessible 

or difficult to handle. One drawback of such anchorless design is that the local heat source 

(Cr thin film) area is relatively small (same as the size of the SU-8 panels) compared to 

anchored design, which dramatically reduces the heat generation. The low heat generation 

makes it difficult for the surface temperature of the sample to reach to the melting point of 

the SPR-220 hinges (100 oC). To solve this problem, PCL hinges with a melting point of 

60 oC was used to replace the SPR-220 hinges to trigger the self-assembly with anchorless 

design (figure 3.6g).  

3.7 Folding analysis 

          To numerically analyze the folding process of the microstructures, the folding 

angles of the SU-8 panels on a glass/Cr substrate (Cr thickness = 20 nm) was captured 

using a microscope and a camera at different microwave exposure times (figure 3.7a-d) 

[161]. The folding angle of the panels remains 0 degree before 6 sec of microwave 

exposure because the surface temperature has not reached to the melting point of the hinge 

(100 oC) (figure 3.7a). After 6 sec of microwave exposure, the surface temperature of the 

sample reaches to 100 oC and the SPR-220 hinges start to reflow and triggers the folding 

of the panels (figure 3.7b). The SU-8 panels were folded from 0 degree to 90 degree in 10 

sec (figure 3.7d). Due to the locking mechanism of the SPR-220 hinges surrounding the 
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panels, the folding angle of the panels remains 90 degree even when the microwave 

energy continues to be applied to the structure. To quantitatively analyze the assembly 

process, an equation of folding angles (θ) was derived with the assumption that the folding 

angle of the panels is proportional to the thermal energy generated by the eddy current 

heating: 

∙ ∙ ∙ ∙ ∙ ∙

∙ ∙ ∙
                                                   (7) 

where α is a constant of 2.7×10-18, presenting the coefficient of the proportionality. The 

value of α was obtained by using the curve fitting process between the experimental data 

and the modeled data. The same α value was applied to all models shown in figure 3.7e-g, 

which proves good agreements between the model and the measurement. The parameter β 

is the initial time at which the assembly starts. The value of β differs with different 

parameters of the microstructure and different microwave settings. The hinge effect to the 

folding performance was minimized by using the same hinge geometry (thickness, width, 

and length) for all the experiments. The parameter α accommodates for all the geometry 

changes occurs for different microstructures. It can be observed that as the Cr thickness 

(d) increases, the time (t) it took to fold the panel to 90 degree decreases (figure 3.7e) due 

to the cubed term (d3) in equation (7). The high thermal generation of the thick Cr also 

results in a high angular folding speed (figure 3.7f). It can also be concluded from figure 

3.7e and 3.7f that the initial start folding time also varies depends on the thickness of the 

Cr: 10 nm Cr: 6 sec, 15 nm Cr: 8 sec, and 20 nm Cr: 20 sec. As the Cr thickness (d) 

increases, the thermal heat generation also increases, leads to a shorter time for the sample 

surface temperature to reach to the melting point of the SPR-220 hinges (100 oC), thus 

results in an early initial folding time (figure 3.7g).  
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Figure 3.7 Folding angle analysis with different Cr thicknesses [161]. (a-d) Real-time 

optical images of self-assembly on glass substrate with 20 nm Cr. (e) Folding angle and (f) 

angular speed of cubic structure with different Cr thicknesses (10 nm, 15 nm and 20 nm) 

were modeled and measured. (g) Folding angles of cubic structure with a 20 nm Cr film at 

different temperatures. The angles vs. temperatures modeled from equation (2) shows a 

good agreement with measurements. 

3.8 Multiple and sequential assembly 

3.8.1 Multiple and sequential assembly theories 
 

Due to the thermal energy and surface temperature’s dependence to the thickness 

of the Cr films (within the skin depth of the Cr, which is around 3 μm at 2.46 GHz) 

(equation 7), multiple and sequential self-assembly can be designed. To realize multiple 

and sequential self-assembly, microstructures with Cr films locally patterned at multiple 
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hinge areas with different thicknesses (10 nm, 50 nm, and 100 nm respectively) were 

designed (figure 3.8) [161]. The increase of the Cr thickness (figure 3.8a) results in an 

increase of the eddy current heat generation (figure 3.8b), leading to a higher temperature, 

an early folding time, and a larger folding angle (equation 7) (figure 3.8c).  

 

3.8.2 Sample design 

In order to illustrate the multiple and sequential self-assembly, SU-8 panels and 

PCL hinges were used to create the microstructure [161]. Instead of depositing the Cr thin 

film under the entire structure (panels and hinges), the Cr films with different thicknesses 

(10 nm, 50 nm, and 100 nm) were selectively patterned on multiple hinge areas (figure 

3.8a and d). The microstructure with Cr was then released from the substrate by Cu 

etching and was transferred to a paper substrate upon self-assembly.  

 

3.8.3 Folding angle analysis 

 
When the microwave energy was remotely applied to the microstructure, Cr film 

with different thicknesses (10 nm, 50 nm, and 100 nm) can generate different amount of 

thermal energies, which melts the PCL hinges and trigger the self-assembly [161]. Since 

the 10 nm Cr has the least heat generation, the PCL hinge adjacent to the 10 nm Cr has the 

smallest folding angle of only 20 degree and will fold the last (figure 3.8e and f). On the 

other hand, the PCL hinges adjacent to the 50 nm Cr and 100 nm Cr will have a larger 

folding angle of 90 degree and 175 degree respectively due to the larger heat generations 
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of the 50 nm and 100 nm Cr (figure 3.8e, f). Thus multiple and sequential self-assembly 

can be easily achieved.  

 

3.8.4 Advantages of multiple and sequential assembly 

 
The ability of self-assembly with sequential folding processes and multiple folding 

angles makes it easy to fabricate complex 3D microstructures and largely broaden the 

applications of 3D self-assembled microstructures like microbots, micro-actuators, and 3D 

micro-optic devices. Since large Cr thickness (d in equation 5) results in a large eddy 

current power generation (P in equation 5), the thermal energy (Q in equation 6) and 

temperature rise (T in equation 6) are also large. The higher temperature leads to a shorter 

time for the hinge to reach to its melting point. Thus the panel connected with thinner Cr 

film will fold first, followed by a panel with thicker Cr film. Sequential assembly makes it 

possible to assemble multi-panel structures without any collisions, which is beneficial for 

building complex and multifunctional microstructures.   
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Figure 3.8 Remote-controlled self-assembly with multiple folding configurations [161]. 

(a-c) Illustration of self-assembly with multiple hinges. (a) Cr with different thicknesses 

(10 nm, 50 nm and 100 nm) were patterned adjacent to the PCL hinges on top of SU-8 

Panels. (b) Different amounts of heat are generated from the Cr depending on its 

thicknesses. (c) Self-assembled structures with different folding configurations show 

multiple folding angles. (d, e) Optical images show the micro structure with (d) multiple 

hinges before assembly and (e) the folded structures with multiple folding angles. (f) 

Measurement data shows different folding angles of the panels corresponding to different 

Cr thicknesses. 
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Chapter 4 

Remote-Controlled Induction Driven Self-
Assembly 

4.1 Theory of induction driven self-assembly 

          A remotely controlled self-assembly process driven by induction energy is 

developed. A high frequency (5 MHz) magnetic field is introduced using an induction 

system. The magnetic field produces localized heating through eddy current inside the 

metal panels of the micro-scale structures. The localized heat increases the surface 

temperature of the sample, which is high enough to melt the polymer hinge to trigger the 

self-assembly. The advantage of the induction driven remote-controlled self-assembly is 

that the energy source (induction energy) can be remotely applied to the sample during the 

assembly process, increasing the manipulative capability of the process. The induced 

induction magnetic field is biocompatible and is safe to use in living tissues and organs. 

Since the heat is only generated on the surface of metal panels, the temperature increase 

during the assembly process is only limited at the micro-scale structure, which limits the 

harm of heat to the surroundings to minimum. In addition, PCL is used as the hinge 

material, which has a low melting point of around 60 oC. The low melting point of the 

PCL hinge allow the self-assembly at a low temperature, which further improves the 

biocompatibility of the process. Thus, the induction driven remote-controlled self-
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assembly is suitable for various biomedical applications like cell encapsulation, culture 

and organization, and smart drug delivery. 

 

4.1.1 Induction induced eddy current 

 
          The induction driven self-assembly is illustrated in figure 4.1a. The high frequency 

(5 MHz) time-varying magnetic field is provided using an induction coil connected with a 

high frequency induction circuit and a power supply. The 2D microstructure to be 

assembled is placed on a paper substrate on top of the induction coil upon self-assembly. 

The sample is located in the center of the coil in order to obtain uniform magnetic field. 

The purpose of the usage of the paper substrate is to minimize the effect of the substrate to 

the induction heating process since the paper substrate does not generate any heat during 

the induction magnetic field and the magnetic field can penetrate through the paper 

without any interruption. The mechanism of induction driven self-assembly is illustrated 

in figure 4.1b. The 2D microstructure is made of Ni panels and PCL hinges. As Faraday’s 

law of induction indicates, eddy current (red line, figure 4.1b) can be created inside the Ni 

panels when the high frequency magnetic field (blue line, figure 4.1b) is applied to the 

sample [175, 176]. The eddy current is circulating inside the Ni panels and flows against 

the resistance of the Ni to dissipate energy as heat (Joule’s law) [177-180]. The generated 

heat energy will melt the PCL hinges and generate surface tension force to lift up the Ni 

panels and transform a 2D microstructure to a 3D structure. The eddy current power 

generation can be calculated using equation 5 [181]. Such remote-controlled self-assembly 

can be easily realized by tuning the power of the magnetic field as well as the geometric 
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parameters of the microstructures. Induction induced magnetic field operates at a 

frequency of 5 MHz, which is high enough to generate heat to trigger the self-assembly 

process but low enough not to harm human bodies and living tissues and organs [199].  

 

Figure 4.1 Illustration of induction driven self-assembly for biomedical applications. (a) 

Induction coil generates high frequency magnetic field penetrating through the sample on 

a paper substrate. (b) The magnetic field (blue line) creates eddy current (red line) in the 

Ni panels of the sample. The eddy current flows against the resistance of the Ni and 

generates heat. 

 

4.1.2 Eddy current driven self-assembly 

 
          A detailed schematic of the induction driven self-assembly is shown in figure 4.2a – 

4.2c. The 2D sample is made of Ni panels and PCL hinges, which is supported by a thin 

layer of Al2O3. The entire structure is placed on a paper substrate upon self-assembly 

(figure 4.2a).  The magnetic field (blue line, figure 1a) is applied to the Ni panels of the 

structures and create eddy current inside the Ni panels. The eddy current flows against the 

Magnetic flux 

Heat 

Eddy current 
Ni film 

Magnetic field 

Induction coil 

Sample 
Paper substrate 

a)                                                b)                                        



59 
	

resistance of the Ni and dissipates energy as heat (red line, figure 4.2a) that melts the PCL 

hinges and creates surface tension force (figure 4.2b) necessary to transform 2D structures 

to 3D structures (figure 4.2c).  

 

 

Figure 4.2 Eddy current driven self-assembly (a) A cross-section of the structure shows 

the Ni panels, PCL hinges and Al2O3 supporting layer. The magnetic field (blue line) 

penetrates through the sample. (b) Heat is generated due to the eddy current, which melts 

the PCL hinges. The molten hinge creates surface tension stress to lift up the panels. (c) A 

totally self-assembled structure. 

 
          Various metals can be used as the panel materials to induce eddy current and heat 

generation to trigger the induction driven self-assembly process including ferromagnetic 

materials (e.g., Ni, iron (Fe), and cobalt (Co)) and non-ferromagnetic materials (e.g., 

aluminum (Al), and Cu). Both types of materials can generate eddy current under high 

frequency electromagnetic fields and exhibit heat due to the resistance inside the metal. 

However, the amount of heat generated from different metals varies depends on the 

electrical and physical properties of the metal [200]. For example, normally, ferromagnetic 

materials (e.g., Ni, Fe, Co) have higher resistivity compared to non-ferromagnetic 

materials (e.g., Al, Cu), which results in more Joule heat generation if same eddy current 

a)                                          b)                                                c)              Self-assembly 
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is introduced in the metal [200]. Ferromagnetic and magnetic materials also have 

hysteresis losses when exposed to electromagnetic fields. Hysteresis is the effect that the 

magnetic dipoles inside the metal oscillate due to the applied electromagnetic field, results 

in additional friction heat generation [200]. In addition, the temperature increase by 

induction heating also depends on the specific heat (ability to absorb heat) of the material. 

Al has a much lower specific heat compared to Ni, meaning that it takes Al less thermal 

energy to heat up to a high temperature compared to Ni [200].  

4.2 Induction system setup 

          The induction heating system setup of the induction driven self-assembly is shown 

in figure 4.3. The induction coil is made of Cu wires and is connected with an induction 

circuit that can generate a 5 MHz time-dependent magnetic field (figure 4.3a) [201]. The 

induction circuit is supplied by a power supply with a maximum power of around 200 W. 

The 5 MHz induction circuit can be seen in figure 4.3b. The induction coil has 9 turns 

with a diameter of 1 cm and a length of 1.5 cm. The diameter of the Cu wires that are used 

to make the induction coils is 1 mm. A water-cooling system is used to cycle cold water 

(around 10 oC) around the induction coils to guarantee that the coil itself does not get heat 

up. The sample placed on top of the induction coil is monitored by two separate camera 

systems: (a) the optical camera and microscope are used to record the self-assembly of the 

microstructures; (b) The infrared camera system is also used to capture the surface 

temperature of the sample during the self-assembly process. The values for each 

component of the induction circuit are listed below. Resistor R1 = 1kohm, R2 = 0-4.7 
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kohm, R3 = 1 kohm. Capacitor C1 = 2.2 nF, C2 = 1.5 nF, C3 = 10 uF, C4 = 20 nF. Zener 

diode D1 = 6V. Q1: N-channel MOSFET IRFP 460. 

 

 

Figure 4.3 Induction system setup for the induction driven self-assembly. 

 

4.3 Sample design and fabrication 

4.3.1 Substrate, panels, and hinges 
 
          The structure used for induction driven self-assembly contains Ni panels and PCL 

hinges. The Ni panels are around 20 μm thick and the PCL hinges are around 25 μm thick. 

The entire structure is fabricated on a glass or Si substrate with 10 Cr seed layer and 300 

nm Cu sacrificial layer. The complete fabricated structure is then released from the 

substrate by etching the Cu sacrificial layer and placed on a paper substrate upon self-

assembly. 
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4.3.2 Fabrication process  

 
         Details of the fabrication process of the induction driven self-assembly are shown in 

figure 4.4. First, a 10 nm Cr adhesion layer and a 300 nm Cu sacrificial layer was 

deposited on a glass substrate using e-beam evaporation (figure 4.4a). A 30 nm Al2O3 

layer was then patterned on the Cu sacrificial layer (figure 4.4b). The purpose of the Al2O3 

layer is to support the entire structure (panels and hinges) and to prevent the hinges from 

sticking to the substrate. A 100 nm Ni layer was then patterned on the Al2O3 supporting 

layer used as the Ni electroplating seed layer (figure 4.4c). The Ni seed layer is slightly 

larger than the Al2O3 layer to guarantee the connection between the Ni and the Cu layer. 

Ni panels were then patterned on top of the Ni seed layer using Ni electroplating process 

(figure 4.4d). The PCL hinges were then patterned between the Ni panels (figure 4.4e). 

The Cu sacrificial layer is etched away to release the sample from the substrate (figure 

4.4f). The sample is then transferred to a paper substrate upon self-assembly (figure 4.4g) 

Induction systems were used to generate time-dependent magnetic field, which is applied 

to the structure to trigger the self-assembly process. Figure 4.4i-l shows the optical images 

of the 2D microstructure during each fabrication steps as well as a complete assembled 3D 

structure: (I) A 30 nm Al2O3 supporting layer on the Cu/Cr/Glass substrate. (J) A 100 nm 

Ni electroplating seed layer pattern. (K) The electroplated Ni panels. (L) A totally self-

assembled microstructure on a paper substrate. 
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Figure 4.4 Fabrication details of the micro-scale structures for induction driven remotely 

controlled self-assembly. 

 

4.4 Thermal analysis  

4.4.1 Surface temperature modeling overview 
 
          To analytically characterize the eddy current heat generation of the Ni films, 

surface temperatures of the Ni panels were recorded and analyzed with an infrared camera 

(Seek Thermal CompactPro Thermal Imaging camera), shown in figure 4.5a and b. The 

panel size of the sample used is 500 μm × 500 μm with a Ni thickness of 15 μm. The 

induction input power for this temperature experiment is 200 W. The temperatures were 

taken at a specific point on the surface of the Ni panels (indicated in figure 4.4a and 4.4b) 

and were calibrated using a thermocouple to obtain the accurate temperature reading. 
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Upon turning on the power of the induction heating system, the surface temperature of the 

Ni panels remains at 19 oC (figure 4.4a). When the induction magnetic is applying to the 

Ni panels, the surface temperature of the sample increases from 19 oC to 37 oC in just 10 

sec (figure 4.4b). The temperature of its surroundings remains the same as the initial 

temperature of the sample (around 19 oC). This rapid heat generation and surface 

temperature raise is the driven force of the self-assembly process.  

 

4.4.2 Surface temperatures with different film thickness 

 
          To quantitatively analyze the temperature changes on the surface of the sample, the 

surface temperature of the sample with different Ni thicknesses (figure 4.4c), different Ni 

panel areas (figure 4.4d), and different induction input power (figure 4.4e) were measured 

and modeled used on equation 5 and 6. As the Ni thickness (d) increases, the eddy current 

power generation (P) also increases based on equation 5, leading to the increase of the 

surface temperature (T) (equation 6). Ni panels with various thicknesses (1 μm, 5 μm, and 

10 μm) were tested with the induction input power of 120 W. The area (As) of each Ni 

panel is 500 μm × 500 μm. The surface temperatures (T) of the samples were measured 

using an infrared camera within the period of time from 0 sec to 60 sec (figure 4.4c). As 

expected, the 15 μm thick Ni sample reaches the highest temperature of 40 oC at 60 sec, 

while the 5 μm and 1 μm thick Ni samples reach the highest temperatures of 30 oC and 25 

oC respectively.  
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4.4.3 Surface temperatures with different panel areas 

 
          For the Ni samples with the same thickness (d =15 μm) but different panel areas 

(As) of 200 μm × 200 μm, 500 μm × 500 μm, and 1000 μm × 1000 μm, the highest 

temperature of 90 oC can be achieved with the largest panel size (figure 4.4d). The surface 

temperature (T) decreases with the decrease of Ni panel size (As). This can be explained by 

equation 5 and 6, where the power (P) of induction increases when the area (As) of the 

metal thin film increases, leading to a high heat generation (W = P • t), thus a high surface 

temperature (T).  

 

4.4.4 Surface temperatures with different induction powers 

 
          Lastly, the Ni panel eddy current heat generation was studied under different 

induction input powers (figure 4.4e). The samples with 5 μm thick Ni (d) and a panel size 

(As) of 500 ✕ 500 μm2 was tested under various induction input powers (80 W, 120 W, 

and 200 W). The induction magnetic field intensity (B0) is proportional to the input power 

of the induction circuits. A high input power of the induction circuit can generate a strong 

magnetic field (B0), which results in a high eddy current power generation (P) shown in 

equation 5. A high eddy current power generation can results in a large thermal energy 

generation and leads to a high surface temperature of the sample (equation 6). In figure 

4.4e, a highest temperature of 60 oC can be observed with the input power of 200 W, 

while the temperatures of the Ni samples with 80 W and 120 W input powers are 30 oC 

and 40 oC respectively. For all the temperature analysis, the surface temperature (T) of the 
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samples increases with an increase of induction exposure time (t). It can be explained by 

the heat generation equation W = P • t. Also, it can be observed from figure 4.4c-e that the 

temperature increase starts to saturate at high temperature. This is because of the high 

conductive and convective heat loss of the Ni panels at a high temperature. 
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Figure 4.5 Thermal analysis of the induction heating process for remotely controlled self-

assembly 

 

          To verify the reliability of above temperature modeling and measurement, 

simulations of the surface temperatures of Ni thin films under induction radiations were 

conducted using COMSOL Multiphysics (figure 4.6). To simplify the simulation process, 

2D Ni panels were replaced by Ni thin film plates with the sample total surface area in the 

simulator. The Ni plate was then placed on the paper substrate above the induction coils. 

Actual coil temperatures were monitored during the assembly process and then applied to 

the coil in the simulator. As shown in figure 4.6, the surface temperature of Ni plates 

increases from 18 oC to 58 oC in 60 sec. The simulated surface temperature agrees well 

with the temperature measurement of the Ni panels. The slight difference between the 

simulated and measured data is due to the shape difference between the Ni panels and the 

Ni plates and the variations of induction frequency and power in the measurement. 
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Figure 4.6 COMSOL modeling of the induction heating process for the remotely 

controlled self-assembly. 

 

4.5 Self-assembly of cubic structures 

4.5.1 Overview 
 
          The high surface temperature of the Ni panels (over the melting point of the PCL 

hinge material) results in the melting of the PCL hinges. The molten hinges generate 

surface tension forces to lift up the panels and trigger the self-assembly process. To 

analyze the folding performance of the Ni panels, the self-assembly process was 

monitored using a camera and a microscope (figure 4.7a-d). The sample used has a panel 

size (As) of 500 μm × 500 μm and a Ni thickness (d) of 20 μm. The input power of the 

induction circuit is 200 W. As shown in figure 4.7a-d, the folding of the Ni panels started 
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when the surface temperature of the sample exceeded the melting point of the PCL hinges 

(around 60 oC). Under the induction magnetic field, the surface temperature of the Ni 

continues to increase due to eddy current heat generation within the Ni panels, leading to 

the further melt of the hinges and a completely self-assembly of the microstructure (figure 

4.7d). The top panel of the cubic structure shows slower folding behavior compared to 

other panels (figure 4.7c) due to the higher position of the top panel above the induction 

coil, leading to a weaker magnetic field, thus a smaller heat generation. The magnetic field 

of a solenoid outside the coils can be expressed using Biot-Savart Law [179-182]: B(z) ~ 

μ0⸳i⸳A/(2⸳π⸳z3), where B(z) is the magnetic field at a distance z away from the solenoid, μ0 is 

the permeability of free space, i is the current inside the solenoid, and A is the cross-

section area of the solenoid. It can be seen that the magnetic field strength B decreases 

exponentially with the increase of the distance z, leading to dramatic reduction of the heat 

generation based on equation 5 and 6. Thus the folding for the top panel is slower 

compared to other panels (equation 7).   

 

4.5.2 Folding angle and angular speed analysis 

 
           The folding angle (figure 4.7e) and angular speed (figure 4.7f) of the Ni panels 

during the self-assembly process was also studied using a camera and a microscope and 

modeled based on equation 5-7. It is assumed that the folding angle of the panels is 

proportional to the surface temperature of the sample in a period of time after the surface 

temperature of the sample reaches the melting point of the hinge. It can be observed from 

figure 3e that the folding angle of the panels increases from 0 degree to 90 degree in 10 
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sec. It indicates that a totally assembled 3D micro-scale structure can be achieved in 10 

sec. The folding speed of the Ni panels (figure 2f) initially increases with the increase of 

induction radiation time due to the constant increasing of the surface temperature. As the 

panels continue to fold up (away from the induction coil), the amount of heat generated is 

reducing because of the weak magnetic field (B0) at a higher position, leading to the 

decrease of the folding speed. The maximum folding speed of 25 degree/sec is achieved at 

the induction radiation time of 4 sec. The folding speed continues decreasing to 0 

degree/sec when the folding angle reaches to 90 degrees. The folding angle of the Ni 

panels is also monitored at different surface temperatures (T) (figure 4.7g). The folding 

angle of the panels remains at 0 degree before the surface temperature of the sample 

reaches 60 oC (melting point of the PCL hinges). After the folding angle reaches 90 

degree, the increase of surface temperature will not affect the folding angle due to locking 

mechanism of the hinges and the panels. The measured measurement data in figure 4.7e-g 

agrees well with the modeling data. 
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Figure 4.7 Remotely controlled self-assembly of micro-scale cubic structures using 

induction energies. 

 

4.6 Reticulum beef tripe experiment 

4.6.1 Beef tripe experiment overview 
 
           Induction driven remote-controlled self-assembly has the potential for biomedical 

application due to the biocompatibility of the induction energy source. In order to achieve 

self-assembly in biomedical applications, the induction magnetic field needs to penetrate 

through biomaterials and reaches to the sample to generate localized heat and trigger the 

self-assembly process. To show that the heat generation of induction driven self-assembly 

is localized on the sample and that induction magnetic field can penetrate through 
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biomaterials and realize self-assembly inside biological environments, the sample is self-

assembled through reticulum beef tripe driven by induction energies (figure 4.8).  

 

4.6.2 Self-assembly in beef tripe 

 
          The self-assembly through beef tripe is illustrated in figure 4.8a-d. Induction coil is 

used to provide the magnetic field for heat generation (figure 4.8a, b). The induction coils 

are connected with a water-cooling system to guarantee that the induction coils do not get 

heated. The sample to be assembled was placed inside the beef tripe honeycomb chamber 

on top of the induction coils (figure 4.8b). The induction magnetic field penetrates though 

the beef tripe and creates eddy current inside the Ni panels of the sample (figure 4.8b). 

The eddy current generates heat energy and melts the PCL hinges, triggering the self-

assembly process of the microstructures inside the beef tripe honeycomb structure (figure 

4.8c and d). Optical images show the beef tripe honeycomb structure (figure 4.8e), the 2D 

microstructure inside the beef tripe honeycomb (figure 4.8f), and the self-assembled 3D 

structure inside the beef tripe honeycomb (figure 4.8g). The self-assembly of 

microstructure inside beef tripe honeycomb chamber illustrates the ability of the induction 

magnetic field to penetrate through biomaterials and realize the assembly inside a 

confined bio-environment. 

 

4.6.3 Thermal analysis 
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          The thermal analysis of the beef tripe experiment is conducted using an infrared 

camera as shown in figure 4.8h-j. The surface temperature of the beef tripe is around 10 

oC. This is because of the refrigerated storage condition of the beef tripe upon the 

experiment (figure 4.8h). The surface temperature of the sample before self-assembly is at 

room temperature (around 25 oC) (figure 4.8h). When the induction magnetic field is 

applied to the beef tripe and the sample, the surface temperature of the sample increases to 

60 oC while the surface temperature of the beef tripe remains the same (figure 4.8i and 

4.8j). This further proves that the induction driven self-assembly can trigger the localized 

heat generation, which is beneficial for biomedical applications.  

 

Figure 4.8 Reticulum beef tripe experiments for induction driven self-assembly. (A-D) 

Illustration of the induction driven self-assembly on beef tripe. (A) Magnetic field is 

generated using an induction coil. (B) The coil temperature remains low due to the water-
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cooling system. A beef tripe is placed on top of the coil as a substrate. The sample to be 

self-assembled is placed on the beef tripe. (C) Magnetic field penetrates through the beef 

tripe and reaches the Ni panels of the sample. The eddy current is generated inside the Ni 

panels and produce heat. (D) Heat melts the PCL hinges and triggers the self-assembly 

process. (E) A honeycomb structure of the reticulum beef tripe. (F) A 5 face 2D structure 

placed in one of the honeycomb beef tripe chamber. (G) A self-assembled cubic structure 

in the beef tripe chamber. (H-J) infrared images of the beef tripe and the sample during the 

self-assembly process. The surface temperature of the beef tripe remains at low 

temperature of around 10 oC and the surface temperature of the sample increases from (H) 

20 oC to (J) 55 oC during the self-assembly process. 

 

4.7 Ladybug experiment 

4.7.1 Ladybug experiment overview 
 
          To further illustrate the localized heat generation of the induction driven self-

assembly, ladybug is used during the self-assembly process (figure 4.9).  A live ladybug is 

placed next to the sample to be self-assembled (figure 4.9a-c).  

 

4.7.2 Self-assembly with ladybug 
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          During the assembly process, the sample is self-assembled while the ladybug next to 

it remains live and undisturbed (figure 4.9a-c). This indicating that the heat generation for 

the self-assembly is localized on the surface of the Ni panels and does not affect the 

ladybug.  

 

4.7.3 Thermal analysis 

 
          The infrared images (figure 4.9d-f) show that the surface temperature of the ladybug 

remains the same while the sample temperature increases from 20 oC to around 60 oC 

during the assembly process. To quantify the heat effect of the induction driven self-

assembly, the surface temperature of the sample and the ladybug is recorded and plotted 

shown in figure 4.9g and h. The surface temperature of the ladybug remains 20 oC during 

the self-assembly process (figure 4.9g, black line). The surface temperature of the sample 

increases from 12 oC to 54 oC in 25 sec (figure 4.9g, red line). Figure 4.9h shows the 

surface temperature of the ladybug at different sample temperature. The straight line in 

figure 5h further indicates that heat generated by the Ni panels does not affect the ladybug.  

 

4.7.4 Advantages 

 
          The ability of the induction driven self-assembly to penetrate through biomaterials 

and realize self-assembly in a confined bio-environment as well as the localized heat 

generation indicate that the induction driven self-assembly limits the damage of heat to 
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living tissues and organs, which is suitable for biomedical applications like drug delivery 

systems, cell capture, and cell encapsulation. 

 

 

 

Figure 4.9 Ladybug experiment for the induction driven self-assembly. (A-C) Real-time 

optical image of the self-assembly process with a live ladybug placed close to the sample. 

The ladybug remains undisturbed during the self-assembly process (D-F) Infrared images 

of the ladybug and the sample during the self-assembly process. The surface temperature 

of the ladybug remains at around 20 oC. The surface temperature of the sample increases 
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from (D) 20 oC to (F) 55 oC during the self-assembly process. (G) Surface temperature of 

the ladybug (black line) and the sample (red line) at different induction radiation time 

from 0 sec to 25 sec. (H) Surface temperature of the ladybug remains at 20 oC at different 

sample temperatures.   
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Chapter 5 

3D Metamaterial and Self-Assembly 

5.1 Background of Metamaterial 

5.1.1 Overview 
 
          Metamaterials (MMs) are artificial materials whose properties cannot be found in 

the natural world [202, 203]. They are usually engineered to contain arrays of metallic and 

dielectric components to exhibit negative permittivity and permeability [204-206]. 

Depends on the type of the MMs, they interact with different types of waves 

(electromagnetic wave, THz wave, light, sound). The structures of the MMs give them the 

ability to manipulate waves in such way that the waves can be bended, amplified, 

absorbed, or blocked. This unique ability makes the MMs ideal candidates for filters [207-

209], modulators [210-212], amplifiers [213, 214], antenna [215, 216], sensors [217-225] 

and tunable devices [226, 227].  
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Figure 5.1 An example of a MM system consists of periodic metallic resonators and 

dielectric substrates. Each resonator/substrate component interacts with the 

electromagnetic wave and exhibits unique electromagnetic properties [228]. 

 
 

5.1.2 Types of metamaterials 

 
          MMs can be divided into different types depends on the frequency they are 

operating at and the purpose of the MMs: electromagnetic MMs, THz MMs, photonic 

MMs and tunable MMs. Electromagnetic MM is the most common and widely used MM 

[229]. Electromagnetic MM interacts with electromagnetic waves applied to the MM. 

Depends on the wavelength of the electromagnetic waves, electromagnetic MMs can be 

divided into THz MM (wavelength of micrometers) [230], microwave MM (wavelength 

of millimeters) [231-233], and photonic MM (wavelength of nanometers) [234-236].  

When the electromagnetic wave is applied to the MM, the MM will resonate at certain 
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frequencies (resonant frequencies) and exhibit negative permittivity and negative 

permeability, which can be used for super lens [237-239] and electromagnetic cloaking 

[240-242].  

 

Figure 5.2 An example of electromagnetic cloaking using electromagnetic MMs.  

 
          THz MM is a particular electromagnetic MM that works with THz waves (with a 

wavelength between tens and thousands of micrometers). MMs working in THz regions 

have their advantages over other electromagnetic waves due to its small sizes (in 

micrometer scale). THz MM structures are compatible with micro-fabrication techniques 

and can be easily integrated into other devices. The dimension of the THz MM structures 

is also comparable to molecules, which is ideal for biomedical and chemical sensors.  

Photonic MM is a type of electromagnetic MM that interacts with optical waves (light). 

Photonic MM is especially useful for optical devices and has its applications in optical 

cloaking, super lens, and optical computing. Tunable MM refers to the types of MMs 

whose frequencies or resonant behaviors can be tuned based on the structural properties, 

material properties, and environmental properties of the MMs. Such tunable MMs can be 

used as MM tunable devices for filters, modulators, amplifiers, and antenna.  

(a)                                                    (b)  
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5.2 Split Ring Resonator (SRR) Metamaterials 

5.2.1 Overview 
 
          One of the most common THz MM is split ring resonators (SRRs) [243, 244]. SRR 

is a 2D MM structure that contains a thin metallic ring with a narrow split to form a C 

shape (figure 5.3a) [245]. When the electromagnetic wave is applied to the SRR, it acts as 

a LC oscillation circuit with the capacitance inside the split and inductance along the ring. 

At resonant frequencies, the electromagnetic field penetrates through the split ring and 

induces current circulating inside the SRR. The time-dependent current charges and 

discharges the split and stores energy inside the SRR, which leads to resonant peaks (dips) 

at its transmission spectrum (figure 5.3b and c). Figure 5.3d-f shows optical images of a 

typical thin film SRR array with thousands of Gold (Au) C-shape SRR patterned on a Si 

substrate [245].    
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Figure 5.3 Traditional film-based SRRs [245]. (a) Schematic of film-based SRR. (b) 

Simulated transmission spectrum of film-based SRRs with three resonant modes. (c) 

Measured transmission spectrum of film-based SRRs with three resonant modes. (d-f) 

Images of film-based SRR array under an optical microscope. The dimension of film-

based SRR is 36um*36um. The width of SRR arm is 4um and the split of the SRR is 4um. 

The film-based SRR is made of Au using electroplating process and the thickness of the 

deposited Au is around 300 nm. 

 

5.2.2 Electric and magnetic responses 

          Depends on direction of the electromagnetic wave applied to the SRR, the 

electromagnetic responses of the SRR can be divided into electric responses and magnetic 

responses [246, 247]. Electric responses of the SRR refer to the situation where the 

electric field (E) of the incident wave is parallel to the split (figure 5.4a).  The electric 
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field (E) couples with the split can generate current circulating the SRR. Magnetic 

responses of the SRR refer to the situation where the electric field (E) of the incident wave 

is perpendicular to the split (figure 5.4b). Since the SRR is symmetric to the electric field 

(E) in this case, the resonance is generated by the magnetic dipoles of the SRR. The 

electric and magnetic responses of the SRR can be reflected on the transmission spectrum. 

In figure 5.3b and c, the first resonant peak (first mode) and third resonant peak (third 

mode) of the SRR are electric responses (indicated in red color) while the second resonant 

peak (second mode) of the SRR is magnetic response (indicated in blue color). 

 

Figure 5.4 Electric and magnetic responses of SRR. (a) Electric response of the SRR with 

electric field (E) parallel to the split. (b) Magnetic response of the SRR with electric field 

(E) perpendicular to the split. 

 

5.2.3 Quality factor of SRRs 

 
          To quantify the energy storage of the SRR and the sensitivity of the SRR to the 

electromagnetic waves, Q-factor is introduced. Q-factor is defined as the energy stored in 

the system over the energy dissipated per cycle [248, 249]: 

(a)                                                (b) 
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          Larger Q value means that more energy will be stored in the SRR and less energy 

will be dissipated into its surroundings, resulting in a sharper resonant peak in the 

transmission spectrum [250, 251]. The sharper resonant peak means that the resonant 

behaviors of the SRR are more sensitive to changes because small resonant frequency 

shifts can be easily distinguished and thus detected. 

5.3 3D Metamaterials 

5.3.1 Overview 
 
         3D MM refers to MM structures that are not limited to a 2D plane. Typical 3D MM 

can be created by patterning MM structures on a 3D object or stack multiple 3D MMs 

together to realize a 3D MM array [252]. Traditional 3D MM can be either fabricated 

using layer-by-layer technique, direct laser writing or projection lithography process. 3D 

MMs can be used for various applications like 3D sensors, 3D inclinometers and 

gyroscope, and 3D optical devices. By patterning SRRs with different configurations on 

each face of a cubic structure, unique isotropic and anisotropic properties of the 3D MMs 

can also be explored and utilized. 

 

5.3.2 Drawbacks of 2D MMs 
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          The simplest method to create a 3D MM is to pattern 2D SRRs and closed ring 

resonators (CRRs) on the faces of a 3D cubic structure (figure 5.5). Converting a 2D MM 

to 3D MM allows the 3D MM to exhibit unique 3D properties that the 2D MM does not 

have [225]. For example, the transmission responses of a MM depend on the rotation of 

the structure itself. When the 2D MM is rotating along X-, Y-, and Z-axis, the resonant 

frequencies and magnitudes of resonant peaks also changes, showing anisotropic 

behaviors. However, since the 2D MM structure is symmetric across the X-Y plane, the 

resonant responses complete overlap with each other at rotation angle (nπ+, n=1, 2, 3…), 

which indicates isotropic behaviors [225]. The uncertainty (isotropic or anisotropic) 

properties of the 2D SRR make it difficult to be used as 3D sensors and other 3D 

applications. 

 

Figure 5.5 Comparison between 2D MMs and 3D MMs. 
 

(a)                                      (b)  

(c)                                      (d)  
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5.3.3 3D asymmetric metamaterial  

 
          To solve above problems of the 2D MMs, novel 3D asymmetric MMs are 

developed [225]. SRR structures with different sizes and directions are patterned on the 

3D cubic surfaces to realize an asymmetric MM (figure 5.6). Since all the SRRs on each 

face of the cube are tilted, the 0 degree and 180 degree symmetry is broken, results in 

complete anisotropic behaviors of the 3D MM. Since the tilted SRRs on each face of the 

cubic structure have different sizes, the resonant frequencies of each SRR are also 

different. Each rotation of the 3D MM corresponds to a set of resonance amplitudes of L1, 

L2 and L3. The rotation angles of the 3D MM can be easily determined by checking the 

resonance amplitudes of each peak. The anisotropic behaviors of the 3D MM make it ideal 

candidates for 3D inclinometers and gyroscopes to detect rotation angles and tilts. 

 

Figure 5.6 3D asymmetric cubic SRR MM [225].  
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5.4 Self-assembled 3D Metamaterials 

5.4.1 Overview 
 
        In order to fabricate such complex 3D SRR structure, self-assembly technique is used 

[225]. Using self-assembly allows the build of complex 3D structures from 2D 

components (SRRs, panels, and hinges). Since the fabrication of the 2D components is a 

traditional bottom-to-up micro-fabrication process, it is easier to make all the structures in 

2D and then transform the 2D structures into 3D structures using self-assembly technique. 

 

5.4.2 Fabrication strategies 

 
          The detailed process is shown in figure 5.7 [225]. The 2D structure was first 

fabricated on a silicon substrate with a 10 nm Cr and 300 nm Cu layer deposited on top. 

The Cu layer is used as a sacrificial layer for releasing the structure from the substrate and 

an electroplating seed layer for Au SRR patterning. First, the 300 nm thick Au SRR 

patterns were fabricated using photolithography and Au electroplating process. Then 10 

μm SU-8 2010 (MicroChem) panels and 21 μm SPR-220 7.0 (MEGAPOSIT) hinges were 

patterned sequentially on top of the Au SRRs (figure 5.7a). For the SU-8 2010 panel 

patterning, a spin coating of SU-8 2010 at 1000 rpm was used. The SU-8 was then pre-

baked at a temperature of 95 oC for 2.5 min and exposed to UV light (365 nm) for 15 sec. 

A post exposure bake was then followed using 95 oC for 3.5 min. The exposed SU-8 2010 

was then developed using SU-8 developer for 2 min and rinsed thoroughly with DI water. 

For the SPR-220 7.0 hinges, The SPR-220 7.0 resist was spin-coated with a speed of 1000 
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rpm followed by another spin-coating of 1000 rpm to achieve a 21 μm thickness that we 

need. The SPR-220 7.0 was then baked at 60 oC for 30 sec, 115 oC for 90 sec and then 60 

oC for 30 sec. The sample was left undisturbed for 3 hours before an exposure of UV light 

for 100 sec. The purpose of the 3 hours waiting is to allow the SPR-220 7.0 to absorb 

water from the atmosphere to prevent cracking. The exposed SPR-220 7.0 was developed 

with AZ developer to achieve the final hinge patterns. Upon self-assembly, the Cu 

sacrificial layer was etched away using Cu etchant and the structures were transferred to a 

water environment. Heat was applied to the water using a hotplate and melted the SPR-

220 hinges to trigger the self-assembly process (figure 5.7b-c). Optical images (figure 

5.7d) show the Au SRRs, 2D structure arrays and a 2D single structure contains Au SRRs, 

SU-8 panels and SPR-220 hinges. A fully self-assembled 3D cubic structure is shown in 

figure 5.8 [225]. 

 

 

Figure 5.7 Fabrication process of 3D asymmetric SRR MM [225]. 
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Figure 5.8 Self-assembled 3D asymmetric MM structure [225]. 

 

5.4.3 3D isotropic metamaterials 

 
          Combining self-assembly and THz SRR to create 3D MM structures is essential 

since it generates unique properties that cannot be seen in 2D MM devices. By configuring 

the shape of the resonators on the cubic structures, 3D fully isotropic MM structure can 

also be created [224]. Figure 5.9 shows a design of 3D X-shape MM structure. Different 

from traditional 3D MM that contains 2D resonators on each face of the cubic structure 

(figure 5.9a), resonators with a X shape design is patterned in a way that the entire 3D 

structure forms 3 Au resonator loops (Octagram) with splits at each corner of the cubic 

structure (figure 5.9b). Since each split is equally positioned at the corners of the cubes in 

all directions, the 3D X-shape MM is fully isotropic in all directions (figure 5.9c). 
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Achieving fully isotropic behaviors of the 3D MM is essential for designing 3D sensors 

because the position and tilt of the 3D MM structure is not always fix. If the 3D MM 

resonant behavior is fully isotropic, the position and tilt of the 3D structure will not affect 

the sensing process. Utilizing the isotropic and anisotropic behaviors of the 3D MM, we 

can create devices like 3D sensors, 3D inclinometers, and 3D isotropic devices. 

 

 
Figure 5.9 3D X-shape MM shows fully isotropic behaviors. (a) A traditional 3D CRR 

MM (b) A novel 3D Octagram MM with X-shape resonators on each face of the cubic 

structure (c) The resonant frequency comparison between 3D CRR MM and 3D Octagram 

MM at different rotation angles. 

 

F
re

qu
en

cy
 (

T
H

z)

1.16

1.18

1.20

1.22

1.24

1.36

1.38

1.40

1.42

1.44

3D Film-based Octagram
3D FIlm-based CRR

Angle_X (degree) 
Angle_Y (degree) 
Angle_Z (degree) 

0         45          0           0         111   
0          0          45          0         222  
0          0           0          45        333  

(a)                                 (b)   

(c) 



92 
	

          The fabrication process of the 3D X-shape MM is similar to the fabrication of 3D 

asymmetric MM [224, 225]. The details are shown in figure 5.10. 300 nm thick Au X-

shape resonators were first patterned on a Cu/Cr/Si substrate using Au electroplating 

method. The Cu sacrificial layer and the Cr adhesion layer on top of the silicon substrate 

were 300 nm thick and 10 nm thick respectively. 10 μm thick SU-8 2010 panels and 21 

μm thick SPR-220 7.0 hinges were then patterned on top of the Au resonators using 

photolithography process. Detailed process of the SU-8 2010 and SPR-220 7.0 patterning 

can be found in chapter 5.4.2. The entire structure (Au resonators, SU-8 2010 panels, and 

SPR-220 7.0 hinges) was released from the substrate by etching the Cu sacrificial layer 

using Cu etchant. The structure was then transferred from Cu etchant to DI water multiple 

times to fully remove the Cu etchant. A petri dish containing DI water and the fabricated 

2D structure was then placed on a hot plate. The temperature of the hot plate was 

increased from 60 oC to 200 oC until the DI water started to boil. The heat melted the SPR-

220 hinges and triggered the self-assembly process. The Au X-shape resonators, SU-8 

panels, SPR-220 hinges, and a completed assembled 3D cubic structure are shown in the 

optical images in figure 5.10. 

 

 

Figure 5.10 Fabrication of 3D X-shape MM [224].  
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Chapter 6  

Advanced THz Metamaterial  

6.1 Drawbacks of existing metamaterials 

6.1.1 Sensitivity 
 
           THz MMs are good candidates for the sensing and detecting chemicals and 

biomaterials [253-257], temperature [258], strain [259], alignment and position [260]. 

THz MMs can also be used as frequency agile devices by tuning the resonant frequency 

from permittivity changes of its surroundings [261]. The sensitivity and selectivity of the 

THz MMs largely depends on their Q-factors that define the sharpness of the resonant 

peaks, which results in the detection of minute amount of substance changes. Even though 

THz MMs show great potentials for sensing and frequency-agile applications due to their 

dimensions comparable to chemicals and various biomedical substances, the Q-factor of 

the currently developed THz MMs is relatively (normally below 10 [261, 262]) compared 

to mechanical resonators (typically between 104 and 107), which limits their sensitivities 

[263].   

          One of the approaches to improve the Q-factors of the THz MM is to reduce energy 

losses of the MMs to the environment by optimizing the material and structural properties 

of the MM [264]. Common energy loss mechanisms of the MMs include: Ohmic loss of 

the conductors inside the MMs [265], dielectric loss from the substrate [266], and 

radiation loss of the MMs [267]. One method to reduce the energy loss of the MMs is to 
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break the symmetry of the MMs by introducing asymmetric split resonators (ASRs) [268, 

269]. The asymmetric design of the MMs can reduces radiation losses and enhances the 

Q-factor of the MMs up to 30 [270-273]. A similar method of improving Q-factor is to 

introduce multiple modes (odd mode and even mode) in the MMs to form a multiple 

modes coupling super unit [274]. This method can increases the Q-factor by a factor of 5 

compared to traditional THz MMs. However, to realize highly sensitive THz MM devices, 

the Q-factor of the THz MMs needs to be further enhanced (10 times and more).  

 

6.1.2 Frequency shift 

 
          In addition to the Q-factor of the MMs that largely affects the sensitivity of the 

MMs, frequency shift is another factor to measure how sensitive the MM sensor is. 

Common method to characterize the frequency shift of a MM is to analyze the resonant 

frequency of the peak changes in the THz transmission spectrum when substances with 

different permittivities are applied to the MM. Highly sensitive MM sensors requires the 

MM structure to be able to detect minute permittivity changes (even single molecules 

[275-278]) of the substance with a large frequency shift. However, this is extremely 

difficult to be realized with traditional film-based MM because the resonant peaks of the 

film-based MMs are relatively broad, which makes the detection of small amounts of 

substances impossible, especially when the volume or concentration of the substance 

around the MMs is not high enough.  
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6.1.3 Selectivity 

 
            Selectivity is another factor that evaluates the performance of the THz MM 

devices. Selectivity measures the ability of the MM sensors to detect multiple substances  

[279]. In order for the MM to detect multiple substances, surface modifications of the MM 

structures are required to enable the special binding between each substance and the MM 

surface. Since the surface areas of the film-based THz MMs are relatively small and most 

of the signals of the THz MMs are focused on the split, the selectivity of the film-based 

THz MMs is very low. This prohibits the THz MMs from having the ability to precisely 

detect molecules and chemical substances. 

6.2 Nanopillar-based SRR metamaterials 

6.2.1 Design of nanopillar-based SRRs 
 
           In order to improve the sensitivity and selectivity of the MMs, the Q-factor of the 

MMs need to be enhanced. As mentioned in previous chapters, common methods of 

improving Q-factors of the MM include breaking the symmetry of the MM structures and 

exciting both odd and even modes of the MM [270-274]. However, the Q-factor can be 

improved a few times using such methods, which does not meet the requirement of ultra-

high sensitive MMs. To address the issues of current high Q MMs, a novel nanopillar-

based THz SRR MMs is introduced, which uses displacement currents to flow between 

the metallic nanopillars and increases the energy storage inside the dielectric nano gaps 

between the nanopillars. The enhanced energy storage in the nanopillar-based MM leads 
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to a high Q-factor of up to 450 (more than 30 times higher than the Q-factor of a 

traditional film-based MM) [245]. The nanopillar-based MM consists of nanopillar arrays 

that form a C-shape SRR. The nano gaps (a few nanometers to a few tens of nanometers) 

between the Au nanopillars are made of vacuum or dielectric materials with various 

permittivities. Due to the large surface areas of the nanopillars compared to a continuous 

metal thin film, the nanopillar-based MM offers an increase of the overall charge 

separations (+q and -q) on the nanopillar surfaces, which results in the increase of the total 

energy storage in the nano gaps. The enhancement of the total energy storage in the 

nanopillar-based MM provides a high Q-factor compared to film-based MM that only 

have energy storage inside the single split of the SRR. In addition, by introducing 

dielectric materials in the SRR, the Ohmic loss of the entire structure also reduces, which 

further improves the Q-factor. Thus a high Q-factor of about 450 can be achieved for the 

nanopillar-based MM, which is ideal for high sensitive MM devices. 

 

6.2.2 Electromagnetic induced displacement current 

 
            Resonance in the nanopillar-based SRR MMs is driven by displacement current, 

which is typically defined as the integral of electric flux between two conductors due to 

time-varying electric fields. Displacement current is not real electric current that is 

essentially moving charges in a conductor but it shares similar properties and 

characteristics as an actual current and is originated from the time-varying electromagnetic 

field around it. A typical example to explain the displacement current is a capacitor with 

two parallel conducting plates (figure 6.1a) [280]. The charges are separated by the 
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dielectric gap between the two plates and are accumulated on each side of the plate (+q 

and -q). The charge difference between the two plates creates an electric field with a 

direction from the positive charge (+q) to the negative charge (-q), which induces a current, 

namely displacement current across the gap between the two plates. The density of the 

displacement current (Jd) can be defined as the time derivative of the electric field 

displacement (D) across the plates: Jd = ∂D/∂t. Same concept can be applied to the 

nanopillars (figure 6.1b). When the electromagnetic field is applied to the Au nanopillar 

arrays, electric field can be generated inside the nano gaps between the nanopillars and 

induces displacement current inside the nano gaps. The displacement current in the nano 

gaps and the electric current in the Au nanopillars form a complete current looping along 

C-shaped nanopillar-based SRR MMs. Different nanopillar shapes (e.g., circle, hexagon, 

and square) can be considered to create nanopillar-based MM (figure 6.1c). To illustrate 

the possibility of fabricating the nanopillar-based MM, circular nanopillar-based MM 

were fabricated shown in figure 6.1d. Each SRR is formed by thousands of platinum 

nanopillars fabricated using an anodic aluminum oxide template on a Si substrate [281-

283]. The potential problem with circular shaped nanopillars is that the distance between 

the two adjacent nanopillars (the nano gap size) is not uniform along the edges of the 

circular nanopillars, which makes the displacement current too weak to pass through the 

nano gaps. Thus, rectangular nanopillars (figure 6.1e) were chosen to replace the circular 

nanopillars to demonstrate resonant behaviors induced by displacement current in SRRs.  

 

6.2.3 Geometric configurations and parameters 
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          The square nanopillars with nanoscale gaps are patterned on a Si substrate to form a 

C-shaped SRR [245]. When the THz electromagnetic field penetrates through the 

nanopillar-based SRR (normal incident with the electric field (E) parallel with one arm of 

the SRR, figure 6.1e), it generates loops of current (displacement current and electric 

current) circuiting inside the SRR (figure 6.1b). The current oscillating inside the SRR 

stores energy in the nano gaps and creates resonant behaviors of the SRR (figure 6.1f). 

Therefore, the nanopillar-based SRR can be seen as an inductive-capacitive (LC) circuit, 

which has resonant responses to the incident electromagnetic wave. The displacement 

current (Id) generated inside the nano gaps between two Au nanopillars can be defined by 

the following equation [284], 

∙ ∙ ∙ sin                       (9)                         

             Where Jd is the displacement current density, ω is the angular resonant frequency, 

ε is the permittivity of the space between the two conductors, d is the distance between the 

two nanopillars, V0 is the magnitude of voltage between the two nanopillars, and t is time. 

Lastly, A is the area of the nanopillar facing against each other; both the width (l) and the 

height (H) of the nanopillar affect this parameter (figure 6.1e).  

 

6.2.4 Resonant behaviors 

 
          To prove that the nanopillar-based MMs are driven by displacement current and 

have the similar resonant behaviors as the traditional film-based MMs, nanopillar-based 

SRRs were designed and simulated. The transmission spectrum of the nanopillar-based 

SRRs is shown in figure 6.1f using ANSYS HFSS (High Frequency Structural Simulator, 
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version: 13.0.2) commercial software [245]. Three different resonant modes (ω1: 1st, ω2: 

2nd and ω3: 3rd) can be clearly seen based on the surface current distributions of the 

nanopillar-based MMs, which are the same surface current distributions as the current 

distributions of the traditional film-based SRRs. This indicates that the nanopillar-based 

SRRs work the same way as the film-based SRRs.  
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Figure 6.1 Illustration and SEM images of nanopillar-based MMs utilizing displacement 

current [245]. (a) Displacement current (Id) induced between two conducting plates with 

time-dependent electric field (E) generated by separated charges (+q and -q). (b) 

Displacement current (Id) induced between two metallic nanopillars. This displacement 

current is derived from the same concept as displacement current between two plates. (c) 

Nanopillar arrays with different configurations (circle, hexagon and square). (d) SEM 

images of circular nanopillar-based SRR array. Each SRR is formed by thousands of Au 

nanopillars fabricated using an anodic aluminum oxide template. (e) Schematic of square-

nanopillar-based SRR. The geometry and a material property are defined by the height 

(H), width (l), interface area (A), nano-gap size (d) and permittivity (ε). (f) Simulated 

transmission spectra of a nanopillar-based SRR (with split size of 4 um, SRR length of 36 

um, and SRR arm width of 4 um) and the surface current distributions at the first three 

resonant frequencies. First mode (ω1) and third mode (ω3) of the SRR are for the electric 

field parallel to the split, while second mode (ω2) is for the electric field perpendicular to 

the split.   

 

6.3 Transmission and frequency responses 

          To further exam nanopillar-based SRRs, the effect of the geometric parameters of 

the nanopillar-based SRR on the resonant behaviors was analyzed using the HFSS 

simulator [245]. The nanopillar-based SRR was simulated with different nano gap sizes (d 

= 25 nm, 30 nm, and 35 nm) while the thickness of the nanopillars (H) and the permittivity 
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(ε) of the nano gaps were fixed (H = 500 nm, and ε = 9.8 (Al2O3)). It is expected that the 

amplitude of the resonant peak increases with the decrease of the nano gap size (d) due to 

the increase of the displacement current (Id) in equation 9. This trend can be seen in the 

simulation results in figure 6.2a. As can also be seen in figure 6.2a, the resonant frequency 

(f) of the nanopillar-based SRR increases with the increase of the nano gap size (d), which 

can be explained by the fact that the increase of the nano gap size (d) results in the 

decrease of the total capacitance (C = εꞏA/d) of the SRR, leading to the increase of the 

resonant frequency (f ~ 1/√C	 ). The nanopillar-based SRRs with different Au nanopillar 

thicknesses (H = 300 nm, 500 nm, and 700 nm) were also tested with a fixed nano gap 

size (d) of 25 nm and a nano gap permittivity (ε) of 9.8 (figure 6.2b). In figure 6.2b, as the 

Au nanopillar thickness (H) decreases, the transmission amplitude of the nanopillar-based 

SRR decreases and the resonant frequency increases. The changes of the nanopillar 

thickness (H) will affect the area (A) facing between two nanopillars, resulting in the 

changes in displacement current (Id) based on equation 9 and the changes in the total 

capacitance of the SRR. When the size of the nano gap increases to a limit (critical gap dc), 

the displacement current becomes too weak to pass through the nano gaps and the 

resonant behaviors disappears, as shown in figure 6.2c and d. The critical gap size (dc) of 

the nanopillar-based SRR also depends on the permittivity (ε) of the nano gap (figure 6.2c) 

and the thickness (d) of the nanopillar (figure 6.2d). This can be explained using equation 

9: the increase of the permittivity (ε) of the nano gaps and the increase of the nanopillar 

height (H) lead to the enhancement of the displacement current (Id). Thus the nanopillar-

based SRR with larger permittivity of the nano gap and thicker Au nanopillars will have a 

larger critical gap size compared to the rest of the SRRs (figure 6.2c and d). Simulation 
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results shown in figure 6.2 also indicate methods to adjust the resonance and resonant 

frequencies of the nanopillar-based SRRs to achieve desired resonant frequencies and 

strong resonant behaviors. 

 

Figure 6.2 Transmission properties of nanopillar-based SRRs with varied parameters 

[245]. First modes (ω1) of nanopillar-based SRRs in transmission spectra were obtained 

by simulation. Influences of (a) nano gap size of SRRs and (b) height of SRRs on 

transmission amplitude. Transmission amplitude of nanopillar-based SRRs with varied 

nano-gap size, (c) permittivity, and (d) height. 
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6.4 Quality factor analysis 

          To analyze the Q-factor of the nanopillar-based SRRs, the nanopillar-based SRRs 

with different parameters were simulated using HFSS simulator and the Q-factors for each 

simulation were calculated and plotted with first mode (ω1) and third mode (ω3) (figure 

6.3). In figure 6.3, the thickness of the nanopillar (H) (figure 6.3a), the width (l) of the 

nanopillar (figure 6.3b), the permittivity (ε) of the nano gap (figure 6.3c), and the size of 

the nano gap (d) all largely affect the Q-factor of the nanopillar-based SRRs. Firstly, the 

Q-factor increases with the increase of the nano gap sizes (d, d = 0 indicates film-based 

SRR). This is because the energy storage inside the nanopillar-based SRR can be defined 

as U = q2/2C, where q is the electric charges inside the capacitor and C = εꞏA/d is the 

capacitance of the capacitor. The energy storage in the SRR (U) increases with a decrease 

of the capacitor (C) and thus an increase of the nano gap size (d). Both thickness (H) and 

width (l) of nanopillars affect the area (A) of the nanopillars facing each other. An increase 

of the thickness (H) or the width (l) of the nanopillar will result in the increase of the 

interface area (A), leading to an increase of the capacitance (C) of the SRR. The increase 

of the capacitance (C) leads to the decrease of the energy storage (U), thus a decrease of 

the Q-factor (figure 6.3a and b). Similarly, an increase of the permittivity (ε) of the nano 

gaps also leads to the increase of the capacitance (C) of the SRR, which results in the 

decrease of the energy storage (U) and the Q-factor of the nanopillar-based SRRs (figure 

6.3c). Since the usage of the nanopillars and the nano gaps between them, the energy 

storage of the nanopillar-based SRRs improves dramatically, which results in a high Q-

factor of more than 300 for the 1st mode and more than 450 for the 2nd mode (figure 6.3b), 
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which is 33 and 32 times higher than that of thin-film-based typical SRRs (d = 0, Q-

factors of 9 and 14 at 1st and 3rd mode, respectively). The Q-factor enhancement with 

nanopillar-based SRRs is much higher compared to the Q-factor achieved by breaking the 

symmetry of the SRR structures and by introducing coupling between SRR units. In 

addition, the nano-scale gaps created by the Au nanopillar arrays are suitable for 

biomedical application and biochemical sensing applications due to the size of the nano 

gaps comparable to the biomolecules and the chemicals. 
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Figure 6.3 Q-factor characterization of nanopillar-based SRRs with varied parameters 

[245]. The Q-factors of thin-film-based SRRs (nano-gap size = 0 nm) are also presented in 

the figures. The nano-gap size varies from 5 nm to 25 nm for each simulation and Q-factor 

of both first mode (ω1) and third mode (ω3) of nanopillar-based SRRs are shown. The 

dependence of Q-factor of nanopillar-based SRRs on (a) the height of nanopillars, (b) 

permittivity of the nano-gaps and (c) the width of nanopillars. A maximum Q-factor of 

nanopillar-based SRRs of more than 450 is observed which is more than 32 times higher 

than that of thin-film-based SRRs.  
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6.5 Film- and nanopillar-based SRRs Comparisons 

            Another important factor that affects the sensitivity of nanopillar-based SRRs is 

frequency shift [245]. A large frequency shift under different permittivity (ε) of the 

substance means that the nanopillar-based SRR can be used to detect the substance with 

minute amount of substance presented. Because of the large surface areas of the nanopillar 

arrays compared to the thin film SRR, a large frequency shift can be introduced, which 

makes the nanopillar-based SRR more sensitive to the substance changes around the SRR 

(figure 6.4). The effective sensing area of the traditional film-based SRR is only focused 

at the split of the SRR, which is relatively small compared to the entire dimension of the 

SRR. On the other hand, the effective sensing area of the nanopillar-based SRR is 

distributed to each nano gaps between the nanopillars, which significantly enhances the 

frequency shifts and the sensitivity. In addition, the surface area of the nanopillars can be 

further improved by changing the geometric parameters of the nanopillar-based SRRs (H, 

and l). A surface area of 2500 time larger than the film-based SRR can be easily achieved 

by tuning the parameters of the SRR. The frequency shifts of the nanopillar-based SRR 

and film-based SRR with a fixed height (H = 500 nm), width (l = 500 nm), and gap size (d 

= 10 nm) are shown in figure 6.4a. It can be observed that as the permittivity of the nano 

gaps increases from 1 to 9.8, the resonant frequency shifts to the left. The resonant 

frequency shift for the film-based SRRs is only around 0.3 THz. However the frequency 

shifts of the nanopillar-based SRR is 3 THz, which is 10 times larger than the frequency 
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shift of the film-based SRR. To quantitatively compare the frequency shift between the 

nanopillar-based SRR and the film-based SRR, the frequency shifts of both the nanopillar- 

and the film-based SRR at each permittivity change intervals were plotted in figure 6.4b. 

The largest frequency shifts difference between the nanopillar-based SRR and the film-

based SRR occurs at the permittivity interval of 2.5 to 5 with a frequency shift difference 

of 17 time (0.34 THz for the nanopillar-based SRR and 0.02 THz for the film-based SRR, 

figure 6.4b). The large frequency shift of the nanopillar-based SRR shows the high 

sensitivity of the nanopillar-based SRR to the permittivity changes of the substance 

around it, which allows the SRR to be able to detect minute substances. In addition, the 

large frequency shift makes the nanopillar-based SRR ideal candidate for frequency-agile 

devices.  
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Figure 6.4 Characterization of resonant frequency shifts using simulation [245]. (a) 

Resonant frequency (ω1) shifts of nanopillar-based SRRs and film-based SRRs on 

transmission spectrum with varied permittivities (ε = 1, 2.5, 5 and 9.8). (b) Quantitative 

comparison (histogram) of the resonant frequency shift between nanopillar-based SRRs 

(red bars) and film-based SRRs (black bars) with 4 different permittivity intervals.  
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6.6 Fabrication process and measurements 

6.6.1 Fabrication process 

 
   In order to experimentally demonstrate the resonant behaviors of the nanopillar-

based SRRs, the slit-based SRRs were fabricated (figure 6.5) [245]. The slit-based SRRs 

consist of Au slits with 10 nm thick Al2O3/air nano gap between them. The slit-based SRR 

and the nanopillar-based SRR shares the same concept: using nano gaps to enhance the 

energy storage of the SRR and increases the Q-factor. Both of them uses displacement 

current to conduct current and form loops of current inside the SRR. The schematic of the 

slit-based SRR is shown in figure 6.5a-d. The two adjacent Au slits were built by a 

sequential Au electroplating process with a Al2O3 atomic layer deposition (ALD) process 

between them to achieve a 10 nm Al2O3 gap between the two Au slits. Figure 6.5a shows 

the first layer of the Au slit with a thickness of 400 nm on a high-resistive (560 – 840 

Ωꞏcm) Si substrate. Figure 6.5b shows the 100 layer (around 10 nm) of ALD Al2O3 layer 

after the 1st Au electroplating and the 2nd Au electroplating of 300 nm thick Au slits. The 

second layer of Au completely filled the gaps between the first Au slits and defines the 

nano gap of ALD Al2O3, which results in closely packed Au-Al2O3-Au sandwich 

structures (figure 6.5c and d). Since the ALD system allows for the control of the Al2O3 

thicknesses of 0.1 nm (1 layer of the ALD cycle) and the ALD layer is uniform though the 

entire sample, it is easy to realize nanometer-scale gaps between the Au slits with a high 

aspect-ratio (figure 6.5e and f). Lastly, the C-shape SRR can be patterned using a 

lithography process and the excessive Au slits and Al2O3 gaps were etched away outside 

the C-shape using ion-milling process (figure 6.5g and h). If the air nano gap is preferred, 
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the Al2O3 gap can be removed by putting the sample in a HF solution. Figure 6.5e-h 

shows the scanning electron microscope (SEM) images of the fabricated slit-based SRR 

array as well as the 10 nm Al2O3 gap between the Au slits defined on the Si substrate. A 5 

nm Al2O3 gap can also be realized (figure 6.6). A detailed fabrication process is shown in 

figure 6.6.  

 

 

Figure 6.5 Fabrication scheme and experimental characterization of slit-based SRRs 

[245]. (a-d) Fabrication scheme of slit-based SRRs, which involves (a) electroplating 

deposition of first Au slit layer on high-resistive Si substrate and (b) ALD of nano-scale 

Al2O3 layer followed by electroplating deposition of second Au slit layer. (c, d) Nano gap 

is defined by ALD Al2O3 (blue) between two Au slit layers (yellow). Al2O3 can also be 

removed using wet etching process to make air gaps between Au slits. (e-h) SEM images 

of slit-based SRR array with 10 nm nano gaps between Au slits. Simulated (i) and 
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measured (j) transmission spectra of slit-based SRRs with 10 nm Al2O3 gaps clearly show 

three resonant modes. Simulated (k) and measured (l) transmission spectra of slit-based 

SRRs with 10 nm vacuum gaps also show three resonant modes. Both measured spectra 

match with simulation results. The measurement is performed using THz time-domain 

spectroscopy in Los Alamos National Laboratory.  

6.6.2 Measurement 

 
            Transmission spectra of the slit-based SRR samples were characterized by a 

simulator (figure 6.5i and k) and THz time-domain spectroscopy (figure 6.5j and l) with 

(figure 6.5i and j) and without the Al2O3 layer (figure 6.5k and l) [245]. To measure a high 

Q-factor resonance, a longer time scan can be taken by either adding a thicker substrate of 

few tens of millimeters or removing the substrate completely to enable a free standing 

sample. Alternatively, a high-resolution continuous-wave THz spectrometer can be 

employed for the sample measurements. For the slit-based SRRs with a 10 nm Al2O3 gap, 

3 resonant peaks can be clearly observed in both the simulated (figure 6.5i) and 

experimental transmission spectra (figure 6.5j). For the slit-based SRR with a 10 nm air 

gap, three resonant peaks can also be seen in both the simulation (figure 6.5k) and the 

experiment (figure 6.5l). In both cases, the resonant frequency of the air gap slit-based 

SRR is higher than the frequency of the slit-based SRR with an Al2O3 gap. This is due to 

the fact that the decrease of the permittivity of the nano gap (ε from 9.8 to 1) results in the 

decrease of the total capacitance (C) of the SRR, which leads to increase of the resonant 

frequency (f) (figure 6.5k and l). Since the slit-based SRR has less slits and nano gaps 

compared to the nanopillar-based SRR, the Q-factor enhancement of the slit-based SRR is 
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not as large as the nanopillar-based SRR. Yet a high Q-factor of 38.6 can still be achieved 

using the slit-based SRR, which is 4.4 times higher than the Q-factor of a traditional film-

based SRR. The resonant behaviors of slit-based SRRs obtained by THz measurements 

match the resonant behaviors of the slit-based SRRs from the simulation results, which 

fully supports the theories of the displacement current driven resonance in SRR MMs.  
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Figure 6.6 Details of the fabrication process of slit-based SRRs [245]. (a, e) High-

resistive (560 - 840 Ohmꞏcm) Si substrate. (b, f) 5 nm Cr and 10 nm Cu deposited on Si 

substrate using an E-beam evaporation process. (c, g) 400 nm thick Au slits (the width of 
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the Au slit is 2 µm and the length of the slit is 4 µm) patterned on Cu layer using 

photolithography and electroplating process. (d, h) Cr and Cu were etched away using wet 

etching process followed by deposition of 5 nm Al2O3 between each Au slit (Blue color in 

schematic) with an ALD system. (i, m) Another 5 nm Cr and 10 nm Cu layer deposited on 

top of Au and Al2O3 using an E-beam evaporation process. Since E-Beam evaporation 

was used to directly deposit Cr and Cu without rotating the sample, Cr and Cu are only 

deposited on the top surface of the structure. (j, n) An Au electroplating process was used 

to deposit a second layer of Au between the first Au slits to form Al2O3 nano-gaps 

between first and second layers of Au. (k, o) Cr and Cu on top of the sample were etched 

away using a wet etching process. (l, p) An additional layer of Au was deposited to fully 

fill the gap between two Au layers. (q, u) SRR C-shape was patterned with S1813 

photoresist on top of the sample using photolithography process. (r, v) Au outside the C-

shape was etched away using an ion milling process. (s, w) S1813 photoresist was 

removed using acetone completing the fabrication of the slit-based SRR with 5 nm Al2O3 

nano gaps (t, x) Al2O3 can be further etched away using HF solution to create air nano 

gaps. (y) An optical image of first layer of Au slits on Si substrate. (z) An optical image of 

the second layer of Au deposited between first Au slits. (aa) An optical mage of SRR C-

shape comprised of S1813 photoresist on top of the sample. (ab) A slit-based-SRR array 

after ion milling process. (ac) A zoomed-in optical image of single slit-based SRR. (ad) A 

SEM image of first layer of Au slits deposited on Si substrate. (ae) A SEM image of the 

second layer of Au deposited between the first Au slits. (af) A cross-sectional SEM image 

of slit-based SRRs after an ion milling process. (ag) A SEM images showing 5 nm gap 

between two Au slits. 
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6.7 Nanopillar-based closed ring resonators 

6.7.1 Overview 
 
          High Q SRR MM using nanopillars with nano-scale gaps has been discussed in 

precious sections. A high Q value of more than 400 can be achieved by using nanopillars 

and displacement currents in the SRRs. A high Q-factor of the MM means that the MM 

has a high signal-to-noise ratio, which leads to high sensitivity and selectivity as MM 

sensors and MM frequency tunable devices. However, the Q-factor of current nanopillar-

based SRR is still not high enough to develop ultra-sensitive sensors using THz MM 

devices.  

          An ultra-high Q MM, a nanopillar-based CRR is designed, simulated and fabricated 

to achieve an ultra-high Q of around 14000. Nanopillar-based CRR has a Q-factor more 

than 30 times higher than the Q-factor of nanopillar-based SRR. The designed nanopillar-

based CRR shares the concept of nanopillar-based SRR, which using nanoscale gaps (5 

nm to 200 nm) between Au nanopillars to reduce the energy loss due to electrical current 

passing through conductors (Au nanopillars) [245]. A strong electric field can be trapped 

inside the nano gaps, leading to a high Q-factor. However, an ultra-high Q-factor can be 

achieved by closing the split of the nanopillar-based SRR to form a nanopillar-based CRR. 

When the electromagnetic wave is perpendicular to the SRR plane, two different modes 

can be excited depending on the orientation of the electric field [285-288]. If the electric 

field is parallel to the split of the SRR, due to the asymmetry of SRR along the electric 
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field, different charge densities will be generated on the arms with and without the split. 

The charge density difference produces a loop of current around the SRR. In such 

situation, the SRR acts as a LC circuit with the inductance (L) along the SRR arms and the 

capacitance (C) in the split of the SRR. The resonance excited by the electric field parallel 

to the split is called electric field excited magnetic response (EEMR). On the other hand, if 

the electric field is parallel to the two continuous SRR arms without the split, the SRR is 

symmetric along the electric field. Since the charges are equally distributed along the two 

continuous arms of the SRR, no loop current will be generated. However, current does 

oscillate in the two continuous SRR arms following the electric field. This resonance of 

the SRR is called electric field excited response (ER) [286]. For EEMR of the SRRs, the 

charge densities of the split arm is much smaller than that of the continuous arm due to the 

split breaking the electric field, leading to a much smaller total charge density (q) 

compared to that of the ER of the SRRs. Since the energy stored in the SRR (U) is the sum 

of the energy stored in each small capacitors (consists of two Au nanopillars and the nano 

gap between them) of the SRRs, the U is proportional to q2 (U=q2/2C) [289]. Thus the Q-

factor of the ER is much higher than the Q-factor of the EEMR of the SRRs. By closing 

the split of the nanopillar-based SRR to form the nanopillar-based CRR, the nanopillar-

based CRR is always in ER mode regardless of the orientation of the electric field. Thus 

an ultra-high Q-factor can be achieved. In addition, a circular shape nanopillar is used to 

further increase the spaces between the Au nanopillars, which further improve the Q-

factor. 
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6.7.2 Theory 

 
          The nanopillar-based CRR is illustrated in figure 6.7a-c. An array of the nanopillar-

based CRR is built on a Si substrate with the electromagnetic wave perpendicular to the 

CRR plane and electric and magnetic field parallel with the CRR arms (figure 6.7a). The 

electric field applied to the nanopillar-based CRR generates displacement current inside 

the nano gaps between each two Au nanopillars. The displacement current in the nano 

gaps and the electrical current in the Au nanopillars form the total current oscillating 

inside the CRRs, resulting in the resonant behaviors (figure 6.7b and 6.7c). Figure 6.7d 

and 6.7e show the geometric configurations of the conventional film-based CRR and the 

nanopillar-based CRR respectively. The geometric parameters of the CRR include the 

width of the CRR (W), the width/length of the CRR (a), the size of the nanopillar (d), the 

diameter of the nanopillar (D) and the permittivity of the nano gap (ε). The transmission 

spectra of the film-based CRR (black line) and the nanopillar-based CRR (red line) is 

compared and shown in figure 6.7f. It can be clearly seen that the resonant peak of the 

nanopillar-based CRR is much sharper than that of the film-based CRR. The electric field 

distributions of the film-based CRR and nanopillar-based CRR are also studied (figure 

6.7g-i). A much higher field enhancement (7×106 V/m) can be seen inside the nano gaps 

of the nanopillar-based CRRs, which is 10 times larger than that of the film-based CRR 

(with a maximum electric field intensity of 7×105 V/m). This illustrates that the nano gaps 

of the nanopillar-based CRR improves that energy storage of the CRR, which leads to a 

high Q-factor (equation 8). 
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Figure 6.7 Illustration of nanopillar-based CRR. (a) An array of nanopillar-based CRR. 

(b) A single nanopillar-based CRR. (c) The Au nanopillars and nano gaps between them. 

(d) Film-based CRR and (e) nanopillar-based CRR with different configurable parameters. 

(f) Transmission spectra of both film and nanopillar-based CRRs. Electric field 

distribution of (g) film-based CRR and (h, i) nanopillar-based CRR. 
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6.7.3 Fabrication process 

 
          The Nanopillar-based CRR is fabricated on a Si substrate. The detailed fabrication 

process is shown in figure 6.8. First, a thin layer of photoresist PMMA A3 (MicroChem) 

was spun coated on the Si substrate (figure 6.8a) at 3000 rpm to achieve a thickness of 200 

nm. Circular Nanopillars were then patterned on the photoresist using electron beam (e-

beam) lithography and lift-off process (figure 6.8b). A 30 nm thick Au was deposited on 

the sample using e-beam evaporation process (figure 6.8c). The photoresist was then lifted 

off by immerging the sample in acetone and rinsed using deionized (DI) water (figure 

6.8d). Scanning electron microscope (SEM) images show the array of nanopillar-based 

CRRs (figure 6.8e), a zoomed-in image of a single nanopillar-based CRR (figure 6.8f) and 

the Au nanopillars (figure 6.8g). The diameter of the Au nanopillar is 1 µm and the 

thickness of the Au nanopillar is 30 nm. Figure 6.8h also shows the 50 nm gap between 

two Au nanopillars. The well-defined nanopillars and nano gaps indicate the successful 

fabrication process of nanopillar-based CRRs. A nanopillar-based CRR array with a large 

area can also be achieved, showing the feasibility of designing and fabricating large 

devices using such structures. 
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Figure 6.8 Fabrication process of the nanopillar-based CRRs. (a-d) Fabrication of 

nanopillar-based CRRs using E-beam lithography, E-beam evaporation and lift-off 

methods. (e) A SEM image of an array of nanopillar-based CRRs. (f) A SEM image of a 

single nanopillar-based CRR. (g) A SEM image of an array of Au nanopillars. (h) A SEM 

image shows the 50 nm gap between two Au nanopillars. 

 

6.7.4 Transmission and frequency comparison 

 
          To analyze the resonant behaviors of the nanopillar-based CRRs, transmission 

spectra of the nanopillar-based CRRs with various geometric parameters were studies 

(figure 6.9a-d). The geometric parameters of the nanopillars include the size of the nano 

gaps (d) between the nanopillars, the thickness of the nanopillars (h), the diameter of the 

circular nanopillar (D), and the permittivity of the media (ɛ) where the nanopillar-based 

CRR is located (including permittivity of the nano gaps). As shown in figure 6.9a, the 

magnitude of the resonant peak of the nanopillar-based CRRs increases with an increase 
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of the nano gap sizes (from 5 nm to 100 nm). This can be explained by the equation (9) of 

displacement current (Id) in the CRRs. When the nano gap size (d) increases, displacement 

current (Id) decreases, results in the decrease of the resonant magnitude. On the other 

hand, the resonant frequency (f) of the nanopillar-based CRR increases with the increase 

of the nano gap size (d) due to the decrease of the capacitance (C) of the CRR, leading to 

the increase of the angular frequency of the CRR (ω): 

2
1

2 √

1

2

																																																	 10  

 

          Where f is the frequency of the electromagnetic wave, L is the inductance of the 

CRR (H), and C is the capacitance of the CRR (F). Figure 6.9b and 6.9c show the effect of 

Au nanopillar thickness (h) and diameter (D) on the resonant behaviors of the nanopillar-

based CRRs (with an increase of h from 100 nm to 1000 nm and an increase of D from 0.5 

µm to 1=2 µm). The resonant magnitude decreases with the increase of h and/or D. This is 

because that h and D determine the side area of the nanopillars (A = h*D). The increase of 

h and/or D results in the increase of A, leading to the decrease of Id based on equation (9). 

In addition, the resonant frequency (f) decreases with the increase of h and/or D, which 

can be explained from equation (10): the increase of h and/or D leads to the increase of A, 

which decreases f. The permittivity of the media (ɛ) also plays an important role in tuning 

the resonant behavior of the nanopillar-based CRRs. The resonant magnitude is 

proportional to ɛ and inversely related to ɛ (figure 6.9d). This can also be demonstrated by 

equation (9) and equation (10).  The resonant frequency (red line) and magnitude (black 

line) of the nanopillar-based CRRs are also quantitatively analyzed, shown in figure 6.9e-
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6.9h. It is noted that the value of the transmission of the opposite to the resonant 

magnitude of the CRRs (1 means totally reflected or absorption and 0 means totally 

transmitted).  It can be observed from figure 6.9e – 6.9h that the resonant magnitude and 

frequency have the opposite response to all the geometric parameters (d, h, D, and ɛ), 

which agrees well with the theory in equation (9) and equation (10).   
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Figure 6.9 Transmission analysis of the nanopillar-based CRRs. (a-d) Transmission 

spectra of nanopillar-based CRRs with (a) different nano gap size, (b) different nanopillar 

thickness, (c) different nanopillar diameter, and (d) different permittivity. (e-h) Resonant 

frequency and magnitude comparisons of the nanopillar-based CRRs with (e) different 

nano gap size, (f) different nanopillar thickness, (g) different nanopillar diameter, and (h) 

different permittivity.  

 

6.7.5 Ultra-high quality factor  

 
          To quantitatively and qualitatively analyze the Q-factor of the nanopillar-based 

CRRs, the Q-factor of the nanopillar-based CRRs with different geometric parameters is 

also studied (Figure 6.10). The Q-factor of the nanopillar-based CRRs largely depends on 

the energy storage (U) inside the CRRs. Since nanopillars and nano gaps are used to 

construct the CRRs, thousands of capacitors (between every two Au nanopillars) are 

formed inside the CRRs. The total energy stored in the nanopillar-based CRR can be 

regarded as the sum of the energy stored in each capacitor made of Au nanopillars and 

nano gaps. The energy storage of such capacitors can be expressed with the charges (q) of 

the Au nanopillars and the capacitance (C) of the capacitors: 

2 2
																																																																							 11  

It is assumed that the total charges of the CRR (q) does not change due to the same 

electromagnetic field applied to all nanopillar-based CRRs and the same configuration of 

the CRR structure. The total energy storage (U) of the nanopillar-based CRR is inversely 
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proportional to the total capacitance (C) of the CRR. Thus the Q-factor of the nanopillar-

based CRR is inversely proportional to the total capacitance (C) of the CRR. Figure 6.10a 

and 6.10b illustrate the Q-factor change with different nanopillar thickness (h) of 300 nm, 

500 nm and 1000 nm. Since the side area (A) of the nanopillar increases with the thickness 

of the nanopillar (h), the capacitance (C) of the CRR also increases, leading to the 

decrease of the Q-factors (figure 6.10a). The increase of the nano gap size (d) decreases 

the C value, results in the increase of the Q-factors (figure 6.10b). A three-dimensional 3D 

plot (figure 6.10b) demonstrates the effects of both h and d on Q-factors of the nanopillar-

based CRRs. It is clearly shown that the highest Q of around 12000 can be achieved with 

the largest nano gap size (d) and smallest nanopillar thickness (h). The diameter of the 

nanopillars (D) and the permittivity (ɛ) of the media are fixed to 0.5 µm and 1 respectively 

in this case.  Similarly, the diameter (D) of the nanopillars also increases the A of the 

nanopillars, thus increases the Q of the nanopillar-based CRRs (figure 6.10c). The 3D plot 

of figure 6.10d shows that a highest Q of around 14000 can be achieved by increasing the 

size (d) of the nano gaps and decreasing the diameter (D) of the nanopillars. The thickness 

of the nanopillars (h) and the permittivity (ɛ) of the media are fixed to 300 nm and 1 

respectively in this case. Figure 6.10e and 6.10f indicate the change of permittivity (ɛ) to 

the Q-factors. The total C value of the nanopillar-based CRR is proportional to ɛ. Thus the 

increase of ɛ results in a lower Q value (figure 6.10e). A highest Q of around 12000 can be 

achieved with a large nano gap size (d) of 200 nm and a low permittivity (ɛ) of 1. The 

thickness (h) and diameter (D) of the nanopillars are fixed to 300 nm and 0.5 µm 

respectively in this case. Since a larger charge distribution can be achieved using 

nanopillar-based CRRs compared to the nanopillar-based SRRs, an ultra-high Q-factor of 
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around 14000 can be obtained. Such ultra-high Q is more than 45 times of the reported Q-

factor of the nanopillar-based SRRs (with a Q-factor of around 300).  

 

Figure 6.10 Q-factor analysis of the nanopillar-based CRRs. (a, b) Q-factors of the 

nanopillar-based CRRs with different nanopillar thicknesses. (c, d) Q-factors of the 
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nanopillar-based CRRs with different nanopillar diameters. (e, f) Q-factors of the 

nanopillar-based CRRs with different permittivity. 

 

6.7.6 Nanopillar configuration discussion 

 
          To illustrate the importance of the nano gaps and nanopillars to the Q-factors of the 

nanopillar-based CRRs, the shape and configurations of the nanopillars inside the CRRs 

are studied (figure 6.11). The shapes of the nanopillars include circle, square, triangle and 

hexagon (figure 6.11a-d). The total number of the nanopillars inside the CRR and the size 

of the nano gaps remain the same for comparison. Different shapes of nanopillars result in 

the difference in the total volume of the Au nanopillars in the CRR (figure 6.11e). Since 

the increase of the volume of the Au nanopillars introduces more Ohmic losses to the 

CRR, the Q-factor of the nanopillar-based decreases (figure 6.11e and 6.11f). It is noted 

that the Q-factor of the CRR with the circular nanopillars has a significant Q-factor 

improvement over other nanopillar shapes (square, triangle and hexagon). This is due to 

the fact that the sidewall of the circular nanopillar is in an arc shape. The nano gap size (d) 

of the nanopillars only defines the shortest distance between the two nanopillars. However 

the actual space between the two circular nanopillars is much larger than d. On the other 

hand, the space between square/triangle/hexagon is strictly defined by the nano gap size 

(d). The large space between circular nanopillars leads to the decrease of the capacitance 

(C) of the CRR, which enhances the Q-factor (figure 6.11e and 6.11f). Figure 6.11g 

illustrates the relationship among volume of the nanopillars, nano gap sizes and Q-factors 
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of the nanopillar-based CRRs. A highest Q of around 12000 can be achieved with the 

smallest volume of Au nanopillars (circular shape nanopillars) and the largest nano gap 

size of 200 nm.  

          Two different configurations (aligned nanopillar and zigzag nanopillar) of the 

nanopillars inside the CRRs are shown in figure 6.11h and 6.11i respectively. The 

nanopillars in both configurations are arranged in such way that the current flow in the 

CRR is always in parallel with the nano gap (figure 6.11j). Since different configurations 

of nanopillars results in the changes in the capacitance of the nanopillar-based CRRs, the 

Q-factor will also change accordingly. The simulated Q-factors of the aligned nanopillar-

based CRRs (black line) and the zigzag nanopillar-based CRRs (red line) are plotted, 

shown in Figure 6.11k. It is shown that the zigzag nanopillar-based CRR has a Q-factor 

higher than that of the aligned nanopillar-based CRRs under various nano gap sizes (d, 5 

nm to 200 nm). The total capacitance of the nanopillar-based CRRs with aligned (black 

line) and zigzagged (red line) configuration is modeled and calculated, shown in figure 

6.11l. The zigzag nanopillar-based CRR has a lower total capacitance compared to the 

aligned nanopillar-based CRR due to the total shorter distance among nanopillars (C = 

ɛA/d). Assuming the charge densities (q) does not change between aligned and zigzag 

nanopillar-based CRRs, the energy stored (U) in the zigzag nanopillar-based CRR is larger 

than that of the aligned nanopillar-based CRR based on equation 11, leading to a higher 

Q-factor. Figure 6.11m shows the Q-factor difference between the aligned and zigzag 

nanopillar-based CRRs at different nano gap sizes. The decrease of the nano gap size 

increases the Q-factor difference between the aligned and the zigzag nanopillar-based 

CRRs. A largest Q-factor difference of around 3000 can be achieved at the nano gap size 
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of 5 nm. This phenomenon can be explained by the total capacitance difference between 

the aligned and the zigzag nanopillars (figure 6.11n). The total capacitance difference 

reaches to its maximum of 0.06 pF at a nano gap size of 5 nm, leading to a maximum Q-

factor difference of around 3000. The changes of Q-factors of the nanopillar-based CRRs 

under different conditions provide a comprehensive approach to understand how 

nanopillar-based MM works. The ability to tune the resonant behaviors and Q-factors by 

adjusting the shapes and the configurations of the nanopillars inside the CRRs provides a 

unique and easy method to design tunable MM devices and sensors, which is suitable for 

various applications like THz MM filters and modulators, plasmonic devices and 

biomedical MM sensors. 
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Figure 6.11 Nanopillar shape and configuration analysis. (a-d) Different nanopillar shapes 

of (a) circle, (b) square, (c) triangle, and (d) hexagon. (e) Total volume of the nanopillar 
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and Q-factor of the nanopillar-based CRR with different nanopillar shapes. (f) Q-factor of 

the nanopillar-based CRR with different nanopillar shapes at different nano gap sizes. (g) 

A 3D plot of the Q-factors with different nano gap sizes and different total volume of the 

nanopillars. Different configurations of the nanopillars with (h) aligned and (i) zigzag 

nanopillars. (j) Top view of the aligned and zigzag nanopillars and the current flow 

direction. (k) Q-factor of the nanopillar-based CRR with different nanopillar 

configurations. (l) Total capacitance of the nanopillar-based CRRs with different 

nanopillar configurations. (m) Q-factor difference between the aligned and the zigzag 

nanopillar-based CRRs at different nano gap sizes. (n) Comparison between Q-factor 

difference and total capacitance difference of the aligned and zigzag nanopillar-based 

CRRs at different nano gap sizes. 

 

6.7.7 Example of high Q 3D MM – electromagnetic cloaking 

          One 3D MM application is electromagnetic cloaking by using the MM structure to 

manipulate the path of electromagnetic wave around the MM structure. This can be 

realized by designing a 3D thick MM shell with unique permeability and permittivity that 

are related to their coordinates in the cylindrical region of the MM shell (figure 6.12). The 

permittivity and permeability of the MM within the cloaking shell can be expressed using 

the following equations [290]: 

																																																																		 12  

																																																																	 13  
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          Where R1 and R2 are the inner and outer radiuses of the cloaking shell (figure 

6.12a), εr and εϕ and μz are the permittivity and permeability in cylindrical coordinate, and 

r is the one axis in the cylindrical coordinate defining the distance between the origin and 

a random point in the coordinate.  

 

 

Figure 6.12 Electromagnetic cloaking using 3D MM designs. (a) 3D cloaking shell 

structure with inner radius R1 and outer radius R2. (b) The cloaking structure can be made 

of array of MMs (e.g., CRRs). (c) The CRR is made of Au ring with a length L, a width 

W, and a thickness H.  

 
          To characterize the MM cloaking system, electric field passing through the MM 

cloak was modeled using finite-difference time-domain (FDTD) method [291]. The 

modeling was conducted using MATLAB and the script can be found in appendix A. The 

electromagnetic wave flows from the bottom of the field (Y = 0 mm) towards to the top of 

the field (Y = 1000 mm) (figure 6.13). The MM cloak structure lies in the middle of the 

field with a center coordinate of (400 mm, 400 mm). The inner radius (R1) of the cloak is 

100 mm and the outer radius (R2) of the cloak is 200 mm (figure 6.13). When the 
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electromagnetic wave travels through the MM cloak structure, the electromagnetic field 

interacts with the cloak ruled by the material properties (permittivity and permeability) of 

the cloak. The cloak material properties are engineered in a way (equation 12-14) that all 

the electromagnetic fields inside the cloak (R1 < r < R2) are steered around the outer 

boundary of the cloak (r = R2) so that any objects placed inside the cloak (r < R1) does not 

impact the path of the electromagnetic wave. The Q-factor of the MM cloak affects 

cloaking effect (figure 6.13). Figure 6.13 shows the electric field distributions around the 

MM cloak with different Q-factors (Q = 10, 30, 100, and 1000). The loss tangent (tanδ) of 

the MM cloak also depends on the Q-factor of the MM [292]:   

tan ∝
1
																																																																				 15  

          In ideal cases, the loss tangent (tanδ) of the MM is zero, which makes the MM 

cloak a perfect absorber [293].  The perfect absorber results in the zero scattering at the 

boundaries of the cloak (r = R2), leading to a perfect cloaking effect (electric field does 

not affect by the cloak). On the other hand, as the loss tangent (tanδ) of the MM increases, 

the scattering of the cloak boundary (r = R2) also increases, leading to a large interference 

between the MM cloak and the electromagnetic field around it [293].  Combing equation 

15 and the scattering of the cloak, it can be concluded that a large Q-factor of the MM 

results in the decrease of the cloak boundary scattering, thus leading to a better cloaking 

effect (figure 6.13). 
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Figure 6.13 Modeled Electric field across the MM cloak with different Q-factor values of 

the MM. The electromagnetic field flows from the bottom of the field (Y = 0 mm) towards 

to the top of the field (Y = 1000 mm). (a) MM cloak with a Q of 10. (b) MM cloak with a 

Q of 30. (c) MM cloak with a Q of 100. (d) MM cloak with a Q of 1000.  

 
          Figure 6.14 shows the amplitude of the electric field before and after entering the 

MM cloak. When there is no loss in the MM cloak (ideal), the amplitude of the electric 

field remains the same on both side of the cloak (figure 6.14a). For a MM with a Q of 10, 

the scattering of the cloak boundary is large, leading to a small amplitude of the electric 

field after the electromagnetic field passed the cloak. Figure 6.14b shows the amplitude 

changes as well as the percentage of the electric field amplitude compared to its value 

before entering the cloak. It can be clearly seen that increasing the Q-factor of the MM 

leads to an electric field amplitude closer to its original values and improves the cloaking 

effect of the MM cloak. The use of high Q MM improves the cloaking effect for the MM 

cloak system, which makes near perfect cloaking and even perfect cloaking possible. The 

perfect cloaking system with high Q MM can be used for various applications like passive 

sensing and camouflage technique [294].  
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Figure 6.14 Electric field amplitude comparison before and after the electromagnetic 

wave enters the cloak with different Q-factors. 
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Chapter 7 

3D Self-Assembled Nanopillar-Based 
Metamaterials 

7.1 Design of nanopillar-based 3D metamaterials 

7.1.1 Overview 
 
          It is noticed from previous chapters that 3D MMs are ideal candidates for 3D 

sensors due to their unique isotropic and anisotropic behaviors. However, the Q-factor of 

such 3D MM sensors is usually low, which limits the sensitivity of the 3D MM sensors. It 

is proved in chapter 6 that by designing nanopillar-based SRRs and CRRs, the Q-factor 

can be improved dramatically. It is reasonable to come up with the idea of combining 

these two methods to create 3D MM sensors with nanopillar-based resonator designs. 

          Figure 7.1 illustrates the idea of 3D nanopillar-based MM structures. X shape 

resonators are made of thousands of Au nanopillars with 5 nm gaps between them. The 

nanopillar array forms X-shapes on each face of the cubic structure. Figure 1.7 shows an 

illustration of the self-assembly process of the nanopillar-based X-shape MM as well as 

the SEM images of the Au nanopillar array and the 5 nm gap between the nanopillars. 
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Figure 7.1 3D nanopillar-based X-shape MM using self-assembly technique. 

 

7.1.2 Fabrication strategy 

 
          Details of the fabrication process are shown in figure 7.2. First 10 nm Cr adhesion 

layer and 300 nm Cu sacrificial layer were deposited on a Si substrate (figure 7.2a). Au 

nanopillars were then patterned on the Cu layer using electron-beam (e-beam) lithography, 

e-beam evaporation, and lift-off process (figure 7.2b). On top of the Au nanopillars, a 30 

nm Al2O3 supporting layer and 15 μm SU-8 panels were patterned (figure 7.2c). The 

purpose of the 30 nm Al2O3 is to support the structure (SU-8 panels and SPR-220 hinges) 

as well as preventing the hinge from sticking to the substrate. A 24 μm thick SPR-220 

hinge layer was then patterned between the SU-8 panels on top of the Al2O3 supporting 



139 
	

layer (figure 7.2d). The Cu sacrificial layer was then partially etched so that only the 

center of the structure is attached to the substrate (figure 7.2e). The sample was placed on 

a hotplate to realize the self-assembly process (figure 7.2f-h). The self-assembled structure 

can be released from the substrate by etching away the Cu between the structure and the 

substrate (figure 7.2i). Optical images show the Au nanopillar array (figure 7.2j), Al2O3 

supporting layer (figure 7.2k), SU-8 panels (figure 7.2l), and SPR-220 hinges (figure 

7.2m). Figure 7.2n shows the partially etched Cu supporting the entire structure on a 

substrate. The self-assembled structure is shown is figure 7.2o. 

 

Figure 7.2 Fabrication of 3D nanopillar-based MM using self-assembly process. 
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7.1.3 Transmission responses 

 
         An illustration of the 3D nanopillar-based X-shape MM is shown in figure 7.3a. The 

3D nanopillar-based MM contains thousands of Au nanopillars that are patterned in X-

shapes on each face of the 3D cubic structure. When the THz electromagnetic field is 

applied to the 3D nanopillar-based MM, displacement current can be generated inside the 

nano gaps (figure 7.3b), leading to a resonant behavior. Due to the high Q induced by the 

nanopillars and the nano gaps, a sharp resonant peak with the Q-factor of around 9000 can 

be achieved (figure 7.3c), which is much higher than the Q-factor of the 3D film-based 

MM (with a Q-factor of around 30). Similar to film-based 3D X-shape MM, the 3D 

nanopillar-based X-shape MM also has isotropic behaviors at different rotation angles. 

Figure 7.4 shows the simulated transmission responses of the 3D X-shape MM and its 

rotation along X-, Y-, and Z-axis (figure 7.4a). 6 random rotation angles were applied to 

the 3D structure along X-, Y- and Z-axis. The resonant frequency responses of the film-

based MM and the nanopillar-based MM (first resonant peak and second resonant peak) 

are shown in figure 7.4b.  It can be seen that for all cases, the resonant frequencies remain 

the same when the 3D structure is rotated, proving that both film-based X-shape MM and 

nanopillar-based X-shape MM have fully isotropic behaviors. Figure 7.4c and 7.4d 

illustrate the resonant magnitude and Q-factor changes based on different rotation angles. 

By comparing both figure 7.4c and figure 7.4d, it is noticed that when the Q-factor of the 

MM is low, the relative magnitude of the MM is high, which agrees with previous 

theories. In addition, a highest Q-factor of around 9000 can be achieved using 3D 
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nanopillar-based MM, which is much higher compared to the Q-factor of a film-based 

MM (Q-factor = 30). The ultra-high Q of 3D nanopillar-based X-shape MM as well as its 

fully isotropic behaviors makes it ideal for ultra-sensitive 3D sensors for detecting 

biomedical and chemical substances. 

 

Figure 7.3 Comparison between 3D nanopillar-based MM and 3D film-based MM. (a) 

Illustration of the 3D nanopillar-based MM with X-shape nanopillar-based resonators 

patterned on each face of the 3D cubic structure. (b) An illustration of the displacement 

current generated within the Au nanopillars. (c) Transmission spectrum shows the 

resonant peaks of 3D nanopillar-based MM (blue solid line) and 3D film-based MM (red 

dashed line). The Q-factor of the 3D nanopillar-based MM is around 9000 while the Q-

factor of the film-based MM is around 30. 
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Figure 7.4 3D X-shape MM and its characters. (a) Illustration of the rotation axis of the 

3D structure. (b) Resonant frequency comparison of the film-based 3D X-shape MM and 

the 3D nanopillar-based X-shape MM. (c) Resonant Magnitude comparison of the film-

based 3D X-shape MM and the 3D nanopillar-based X-shape MM. (d) Q-factor 

comparison of the film-based 3D X-shape MM and the 3D nanopillar-based X-shape MM.  
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7.2 Frequency shifts 

          Frequency shift is another factor to be considered for the sensitivity and selectivity 

of the 3D MM sensors. Figure 7.5 illustrates the frequency shifts of the 3D MMs with the 

presents of materials with different permittivity.  It can be concluded that when the 

permittivity changes from 1 to 3.9, the nanopillar-based 3D X-shape MM has a frequency 

shift of 1 while the film-based 3D X-shape MM only has a frequency shift of 0.4. 

Similarly, when the permittivity changes from 1 to 5, the nanopillar-based 3D X-shape 

MM has a frequency shift of 1.2 while the film-based 3D X-shape MM has a frequency 

shift of around 0.6. Larger frequency shifts of the nanopillar-based 3D X-shape MM 

makes the transmission response more sensitive to permittivity changes around the MM, 

leading to ultra-high sensitivity when used as a 3D sensor. The nanopillar-based 3D X-

shape MM are suitable for various applications like biomedical sensors, 3D sensors, and 

frequency agile devices. 

 
Figure 7.5 Frequency comparisons between film-based 3D X-shape MM and nanopillar-

based 3D X-shape MM. 
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Chapter 8  

Conclusion 

8.1 Looking behind 

          In this thesis, a novel self-assembly technique – remotely controlled self-assembly 

using electromagnetic fields (microwave and induction energies) is presented. No physical 

contact is needed to trigger the assembly process, which increases the manipulative ability 

of the self-assembly. Folding angles of the 3D micro-scale cubic structures with different 

Cr thicknesses show that the self-assembly process can be easily and precisely controlled 

by tuning the reaction time of the electromagnetic energy and the thickness of the 

conducting thin film. By applying different Cr thicknesses on microstructures with 

multiple hinges, various folding angles can be realized simultaneously. The realization of 

multiple folding angles in a single structure is crucial for building complex micro-scale 

structures and micro-scale actuators.  

          High frequency magnetic field can trigger the self-assembly process by penetrating 

through biomaterials without harming the biomaterials. The heat is generated by eddy 

current within the Ni panels, limiting the heat from spreading to the environment. The 

PCL material used in the hinges has a low melting point of 60 oC, which further reduces 

the damage of heat to living tissues and organs during the self-assembly process. All these 

advantages of induction driven self-assembly makes it ideal candidate for biomedical 

applications. 
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         To utilizing the self-assembly technique to explore advanced 3D MMs, novel THz 

MMs, utilizing displacement current driving its resonant frequencies, were designed, 

fabricated and characterized. Forming the SRRs or CRRs with metal nanopillars induces 

displacement current along the nanopillar array or slits, which increases stored energy. 

This dramatically enhances Q-factor. An ultra-high Q of more than 14000 can be achieved 

using nanopillar-based CRRs. Enlarged effective surface area also increases resonant 

frequency shifts in response to substance changes around the MMs. Significantly enlarged 

Q-factor and large resonant frequency shifts improve sensitivity and selectivity of the MM 

sensors. Therefore, the nanopillar-based MMs could be an ideal candidate for ultra-

sensitive biomedical and biomolecular sensors like label-free biosensors for sensing of 

DNA and protein, and biomolecular detectors of hormones and antigens. It can also be 

applied in highly sensitive chemical and gas sensing. In addition, the nanopillar-based 

MMs with large frequency shifts are suitable for frequency-agile devices such as spatial 

light modulators and tunable optical filters. 

          Novel ultra-sensitive THz MMs and 3D MMs combined with remote-controlled self-

assembly allows creating diverse sensors and devices for 3D optoelectronic, 3D MMs, and 

ultra-high sensitive biomedical sensors. These applications will not only pursuit novel 

sensors, micro-scale robotics and machines using advanced manufacturing techniques but 

also can also be used as new types of data storage, transformation and analysis for new 

generation of informatics technologies by patterning data storage and analysis units on the 

3D self-assembled structures. 
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8.2 Looking ahead 

          The continuous study of remotely controlled self-assembly gives us more 

opportunities to create complex remotely controlled 3D devices for biomedical 

applications. More detailed in-vivo experiments will be needed to further test the 

biomedical capability of such devices and how the living tissues and organs will respond 

to the self-assembly process. In addition, advanced remotely controlled self-assembly 

technique with reversible properties will be beneficial for applications like micro-robots, 

micro-actuators and drug delivery systems for medical applications. 

          With the help of nanopillar-based THz MMs, 3D self-assembled structures can be 

used as ultra-sensitive 3D sensors. However, since the ultra-high Q-factors of such 

devices, the resonant peaks are extremely sharp, which makes it really difficult to detect 

the transmission spectrum of the nanopillar-based MMs. High resolution THz 

spectroscopy or novel THz measuring systems are required to carry ultra-high sensitive 

THz sensing to a new level.  
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Appendix A 
	
 

MATLAB Script for MM Cloaking 

 
%Metamaterial Cloaking Simulations 
 
%Created by Chao Liu 
 
%University of Minnesota, Twin Cities 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Begin Scripts 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
clear all; 
  
%define constants 
  
%basic constants 
  
R1 = 100; %inner radius 
R2 = 200; %outer radius 
A=R2/(R2-R1); %used in Hz calculation 
PMLw = 50; % perfect matched layer width 
  
cc = 2.99792458e8; %light speed of free space 
mu = 4.0*pi*1.0e-7; %permeability of free space 
eps = 1.0/(cc*cc*mu); %permittivity of free space 
freq = 2.0e9; %frequency of source, 2GHz 
lambda = cc/freq; %wavelength of source, meter 
omega = 2*pi*freq; %angular frequency 
epsr = @(r) (r-R1)/r; %relative permittivity 
epsphi = @(r) r/(r-R1); % phi permittivity 
muz =@(r) (A^2)*((r-R1)/r); % mue z 
  
% cloaking constants 
  
dx = lambda/150; % cell size 
dy = dx; 
dt = dx/(sqrt(2)*cc); %time step 
amp = 0.2; % amplitude of the source 
js = 6+PMLw; % location of the source 
nmax = 300; % max time step 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% loss parameters 
  
q = 100; 
  
sterm = sin(omega*dt/2); %for lossy 
cterm = cos(omega*dt/2); %for lossy 
  
tangente = 1.71/q; % loss tangent E 
tangentm = 1.71/q; % loss tangent M 
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gamma = @(r) (2*epsr(r)*(sterm)*tangente)/((1-epsr(r))*dt*(cterm)); % collision frequency 
gammam = @(r) ((muz(r)/A)*omega*tangentm)/(1-(muz(r)/A)); % magnetic collision frequency 
  
wpsq = @(r) 2*(sterm)*(-2*(epsr(r)-1)*(sterm)+epsr(r)*gamma(r)*dt*(cterm)*tangente)/((dt^2)*((cterm)^2)); % lossy 
wp square 
  
wpmsq =@(r) (omega^2)*(1-muz(r)/A)+(muz(r)/A)*omega*gammam(r)*tangentm; % magnetic wp square, lossy 
  
invtm = 1/(mu*(dt^2)); % 1 over mue*dt square 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%grid constants 
  
ie = 800; % mesh x 
je = 900; % mesh y 
ib = ie; % ey(800,800) 
jb = je+1; % ex(800,801) 
icenter = ie/2; % x center of mesh  
jcenter = (je-100)/2; % y center of mesh 
exinc = 0; % Ex inside cloak count 
exoutc = 0; % Ex outside cloak count 
eyinc = 0; % Ey inside cloak count 
eyoutc = 0; % Ey outside cloak count 
hzinc = 0; % Hz inside cloak count 
hzoutc = 0; % Hz outside cloak count 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Field initialization 
  
ex = zeros(ie,jb); % Ex initial 
exprev = ex;  
exprevprev =exprev;  
  
exmask = ones(ie,jb); % Ex mask 
  
ey = zeros(ib,je); % Ey initial 
eyprev = ey;  
eyprevprev =eyprev;  
  
eymask = ones(ib,je); % Ey mask 
  
Dx = ex; % Dx initial 
Dxprev = Dx; 
Dxprevprev =Dxprev; 
  
Dy = ey; % Dy initial 
Dyprev = Dy; 
Dyprevprev =Dyprev; 
  
dbary = ex; %Dy bar initial 
dbaryprev = dbary; 
dbaryprevprev = dbaryprev; 
  
dbarx = ey; %Dx bar initial 
dbarxprev = dbarx; 
dbarxprevprev = dbarxprev; 
  
hz = zeros(ie, je); % Hz initial 
hzprev = hz; 
hzprevprev = hz; 
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hzmask = ones(ie,je); % Hz mask 
  
bz = hz; %Bz initial 
bzprev = bz; 
bzprevprev = bzprev; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% PML fields initialization 
  
PsiEx = zeros(ie,jb); 
PsiEy = zeros(ib,je); 
PsiHzX = zeros(ie,je); 
PsiHzY = zeros(ie,je); 
  
% PML parameters 
  
kapp =1; 
kappe=1.5; 
kappm=1.5; 
a=0.0004; 
sig=0.045; 
  
%Electric coefficient 
  
sigex=0; 
sigey=sig; 
kappex=kapp; 
kappey=kapp; 
aex = a; 
aey = a; 
bex = exp(-1*(aex/eps+0+sigex/(kappex*eps))*dt); 
bey = exp(-1*(aey/eps+sigey/(kappey*eps))*dt); 
cex = (bex-1)*sigex/(sigex*kappex+kappe^2*aex); 
cey = (bey-1)*sigey/(sigey*kappey+kappe^2*aey); 
  
%Magnetic coefficient 
  
amx = a; 
amy = a; 
kappmx=kapp; 
kappmy=kapp; 
sigmx=0; 
sigmy = mu/eps*sig; 
bmx = exp(-1*(amx/mu+sigmx/(kappmx*mu))*dt); 
bmy = exp(-1*(amy/mu+sigmy/(kappmy*mu))*dt); 
cmx = (bmx-1)*sigmx/(sigmx*kappmx+kappm^2*amx); 
cmy = (bmy-1)*sigmy/(sigmy*kappmy+kappm^2*amy);  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Updating parameters for Ex 
  
gamot =@(r) gamma(r)/(2*dt); %gamma over two times dt (0 if lossless, non-0 if lossy) 
invt = 1/(dt^2); %1 over dt square 
ax = @(r,phi) ((sin(phi))^2)*(invt + gamot(r) + wpsq(r)/4) + epsphi(r)*((cos(phi))^2)*(invt + gamot(r)); 
bx = @(r,phi) ((sin(phi))^2)*(-2*invt + wpsq(r)/2) - epsphi(r)*((cos(phi))^2)*2*invt; 
cx = @(r,phi) ((sin(phi))^2)*(invt - gamot(r) + wpsq(r)/4) + epsphi(r)*((cos(phi))^2)*(invt - gamot(r)); 
ddx = @(r,phi) (epsphi(r)*(invt + gamot(r))-(invt + gamot(r) + wpsq(r)/4))*sin(phi)*cos(phi); 
eex = @(r,phi) (epsphi(r)*(-2)*invt-(-2*invt + wpsq(r)/2))*sin(phi)*cos(phi); 
fx = @(r,phi) (epsphi(r)*(invt - gamot(r))-(invt - gamot(r) + wpsq(r)/4))*sin(phi)*cos(phi); 
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gx = @(r) eps*epsphi(r)*(-2*invt+wpsq(r)/2); 
hx = @(r) eps*epsphi(r)*(invt - gamot(r) + wpsq(r)/4); 
lx = @(r) eps*epsphi(r)*(invt + gamot(r) + wpsq(r)/4); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Updating parameters for Ey 
  
ay = @(r,phi) ((cos(phi))^2)*(invt + gamot(r) + wpsq(r)/4) + epsphi(r)*((sin(phi))^2)*(invt + gamot(r)); 
by = @(r,phi) ((cos(phi))^2)*(-2*invt + wpsq(r)/2) - epsphi(r)*((sin(phi))^2)*(2*invt); 
cy = @(r,phi) ((cos(phi))^2)*(invt - gamot(r) + wpsq(r)/4) + epsphi(r)*((sin(phi))^2)*(invt - gamot(r)); 
ddy = ddx; 
eey = eex; 
fy = fx; 
gy = gx; 
hy = hx; 
ly = lx; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Grid Steup for Ex 
  
for i=1:ie 
    for j=2+PMLw:jb-PMLw-1  % loop all nodes in the grid 
tempx = i -1 - icenter; 
tempy = j -1 - jcenter; 
dist2 = tempx^2 + tempy^2; % distance between current node and center 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
if dist2 < R2^2 && dist2 > R1^2 % inside the cloak 
    exinc = exinc +1; % exinc -- inside cloak Ex counting 
    exincl(exinc,:)=[i j]; % store Ex location (inside the cloak) - all column 
    if tempy==0 && tempx>0 % updating phi value based on node location (inside the cloak) 
        phiex = 0; 
    elseif tempy==0 && tempx<0 
        phiex = pi; 
    elseif tempx==0 && tempy>0 
        phiex = pi/2; 
    elseif tempx==0 && tempy<0 
        phiex = 3*pi/2; 
    elseif tempx>0 && tempy>0 %Q1 
        phiex = atan(tempy/tempx); 
    elseif tempx<0 && tempy>0 %Q2 
        phiex = pi-abs(atan(tempy/tempx)); 
    elseif tempx<0 && tempy<0 %Q3 
        phiex = pi+abs(atan(tempy/tempx)); 
    else %Q4 
        phiex = 2*pi-abs(atan(tempy/tempx));     
    end 
     
    radex=sqrt(dist2); %distance between current node and center 
    coefax(exinc)= ax(radex,phiex); %updating coefficient for each node inside the cloak 
    coefbx(exinc)= bx(radex,phiex); 
    coefcx(exinc)= cx(radex,phiex); 
    coefddx(exinc)= ddx(radex,phiex); 
    coefeex(exinc)= eex(radex,phiex); 
    coeffx(exinc)= fx(radex,phiex); 
    coefgx(exinc)= gx(radex); 
    coefhx(exinc)= hx(radex); 
    coeflx(exinc)= lx(radex); 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
else    % other than inside the cloak 
%elseif dist2 >= R2^2  % in free space 
    exoutc = exoutc + 1; % in free space Ex counting 
    exout(exoutc, :) = [i j]; % store Ex location (in free space) - all column 
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%else   %in the PEC 
end 
  
if dist2 <= R1^2 
     
    exmask(i,j) = 0; 
     
end 
    end 
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Grid Steup for Ey 
  
for i=1:ib 
    for j=1+PMLw:je-PMLw  % loop all nodes in the grid 
tempx = i  -1.5 - icenter; 
tempy = j -1.5 - jcenter; 
dist2 = tempx^2 + tempy^2; % distance between current node and center 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
if dist2 < R2^2 && dist2 > R1^2 % inside the cloak 
    eyinc = eyinc +1; % eyinc -- inside cloak Ey counting 
    eyincl(eyinc,:)=[i j]; % store Ey location (inside the cloak) - all column 
    if tempy==0 && tempx>0 % updating phi value based on node location (inside the cloak) 
        phiey = 0; 
    elseif tempy==0 && tempx<0 
        phiey = pi; 
    elseif tempx==0 && tempy>0 
        phiey = pi/2; 
    elseif tempx==0 && tempy<0 
        phiey = 3*pi/2; 
    elseif tempx>0 && tempy>0 %Q1 
        phiey = atan(tempy/tempx); 
    elseif tempx<0 && tempy>0 %Q2 
        phiey = pi-abs(atan(tempy/tempx)); 
    elseif tempx<0 && tempy<0 %Q3 
        phiey = pi+abs(atan(tempy/tempx)); 
    else %Q4 
        phiey = 2*pi-abs(atan(tempy/tempx));     
    end 
     
    radey=sqrt(dist2); %distance between current node and center 
    coefay(eyinc)= ay(radey,phiey); %updating coefficient for each node inside the cloak 
    coefby(eyinc)= by(radey,phiey); 
    coefcy(eyinc)= cy(radey,phiey); 
    coefddy(eyinc)= ddy(radey,phiey); 
    coefeey(eyinc)= eey(radey,phiey); 
    coeffy(eyinc)= fy(radey,phiey); 
    coefgy(eyinc)= gy(radey); 
    coefhy(eyinc)= hy(radey); 
    coefly(eyinc)= ly(radey); 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
else % other than inside the cloak 
%elseif dist2 >= R2^2  % in free space 
    eyoutc = eyoutc + 1; % in free space Ey counting 
    eyout(eyoutc, :) = [i j]; % store Ey location (in free space) - all column 
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%else %in the PEC 
end 
  
if dist2 <= R1^2 
     
    eymask(i,j) = 0; 
     
end 
    end 
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Grid Steup for Hz 
  
for i=1:ie 
    for j=1+PMLw:je-PMLw  % loop all nodes in the grid 
tempx = i -1 - icenter; 
tempy = j  -1.5 - jcenter; 
dist2 = tempx^2 + tempy^2; % distance between current node and center 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
if dist2 < R2^2 && dist2 > R1^2 % inside the cloak 
    hzinc = hzinc +1; % hzinc -- inside cloak Hz counting 
    hzincl(hzinc,:)=[i j]; % store Hz location (inside the cloak) - all column 
    radhz(hzinc)= sqrt(dist2); % radius inside the cloak for Hz 
     
else % other than inside the cloak 
     
    %elseif dist2 >= R2^2  % in free space 
    hzoutc = hzoutc + 1; % in free space Hz counting 
    hzout(hzoutc, :) = [i j]; % store Hz location (in free space) - all column 
     
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
end 
  
if dist2 <= R1^2 
     
    hzmask(i,j) = 0;    
end 
  
%else %in the PEC 
    end   
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% create AVI video of animation 
  
aviobj = VideoWriter('cloaking.avi'); 
open(aviobj); 
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hFig=figure('Visible','off'); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Time Loop Begin 
  
for n = 1:nmax 
    t=n*dt; % time 
    Time_step=n % display time step 
    cla % clear all axes 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% PML field setup for Ex 
  
PsiEx(:,2:jb-1) = (cey/dx)*(hzprev(:,1:jb-2)-hzprev(:,2:jb-1))+bey*PsiEx(:,2:jb-1); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Dx  
  
Dx(:,2+PMLw:jb-PMLw-1) = Dxprev(:,2+PMLw:jb-PMLw-1)+(dt/dx)*(-hzprev(:,2+PMLw:jb-PMLw-
1)+hzprev(:,PMLw+1:jb-PMLw-2)); 
  
%Dx and Dy in PML lower region 
  
Dx(:,2:PMLw+1) = Dxprev(:,2:PMLw+1)+dt*((-hzprev(:,2:PMLw+1)+hzprev(:,1:PMLw))* 
1/dx+PsiEx(:,2:PMLw+1)); 
  
%Dx and Dy in PML higher region 
  
Dx(:,jb-PMLw:jb-1) = Dxprev(:,jb-PMLw:jb-1)+dt*((hzprev(:,jb-PMLw-1:jb-2)-hzprev(:,jb-PMLw:jb-1))* 1/dx 
+PsiEx(:,jb-PMLw:jb-1)); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% PML field setup for Ey 
  
PsiEy(1:ib-1,:) = bex*PsiEy(1:ib-1,:); 
PsiEy(ib,:) = bex*PsiEy(ib,:); 
  
%Dy 
  
Dy(1:ib-1,:) = Dyprev(1:ib-1,:)+(dt/dy)*(hzprev(2:ib,:)-hzprev(1:ib-1,:)); 
Dy(ib,:) = Dyprev(ib,:)+(dt/dy)*(hzprev(1,:)-hzprev(ib,:)); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Ex setup 
  
for i = 1:exoutc % looping in free space 
    ii=exout(i,1); % Ex location x (in free space) 
    jj=exout(i,2); % Ex location y (in free space) 
    ex(ii,jj) = (1/(eps*invt))*(invt*Dx(ii,jj)-2*invt*Dxprev(ii,jj)+invt*Dxprevprev(ii,jj)-(-
2*eps*invt*exprev(ii,jj)+eps*invt*exprevprev(ii,jj))); 
end 
  
dbary(3:ie-2,4+PMLw:jb-PMLw-3) = 0.25*(Dy(3:ie-2,4+PMLw:jb-PMLw-3)+Dy(2:ie-3,4+PMLw:jb-PMLw-
3)+Dy(3:ie-2,3+PMLw:jb-PMLw-4)+Dy(2:ie-3,3+PMLw:jb-PMLw-4)); %updating Dy bar 
  
for i = 1:exinc %looping inside the cloak 
    ii=exincl(i,1); % Ex location x (inside the cloak) 
    jj=exincl(i,2); % Ex location y (inside the cloak) 
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    %dbary(ii,jj) = 0.25*(Dy(ii,jj-1)+Dy(ii+1,jj-1)+Dy(ii,jj)+Dy(ii+1,jj)); %updating Dy bar 
    ex(ii,jj) = 
(1/coeflx(i))*(coefax(i)*Dx(ii,jj)+coefbx(i)*Dxprev(ii,jj)+coefcx(i)*Dxprevprev(ii,jj)+coefddx(i)*dbary(ii,jj)+coefeex(i)
*dbaryprev(ii,jj)+coeffx(i)*dbaryprevprev(ii,jj)-(coefgx(i)*exprev(ii,jj)+coefhx(i)*exprevprev(ii,jj))); 
end 
  
%Ex setup for PML 
  
ex(:,2:PMLw+1)=(1/eps)*Dx(:,2:PMLw+1); 
ex(:,jb-PMLw:jb-1)=(1/eps)*Dx(:,jb-PMLw:jb-1); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Ex mask for in the PEC 
  
ex(:,:) = ex(:,:).*exmask; 
Dx(:,:) = Dx(:,:).*exmask; 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Ey setup 
  
for i = 1:eyoutc % looping in free space 
    ii=eyout(i,1); % Ey location x (in free space) 
    jj=eyout(i,2); % Ey location y (in free space) 
    ey(ii,jj) = (1/(eps*invt))*(invt*Dy(ii,jj)-2*invt*Dyprev(ii,jj)+invt*Dyprevprev(ii,jj)-(-
2*eps*invt*eyprev(ii,jj)+eps*invt*eyprevprev(ii,jj))); 
end 
  
dbarx(3:ib-3,3+PMLw:je-PMLw-2) = 0.25*(Dx(3:ib-3,3+PMLw:je-PMLw-2)+Dx(4:ib-2,3+PMLw:je-PMLw-
2)+Dx(3:ib-3,4+PMLw:je-PMLw-1)+Dx(4:ib-2,4+PMLw:je-PMLw-1)); 
  
for i = 1:eyinc %looping inside the cloak 
    ii=eyincl(i,1); % Ey location x (inside the cloak) 
    jj=eyincl(i,2); % Ey location y (inside the cloak) 
    %dbarx(ii,jj) = 0.25*(Dx(ii,jj)+Dx(ii-1,jj+1)+Dx(ii-1,jj)+Dx(ii,jj+1)); %updating Dx bar 
    ey(ii,jj) = 
(1/coefly(i))*(coefay(i)*Dy(ii,jj)+coefby(i)*Dyprev(ii,jj)+coefcy(i)*Dyprevprev(ii,jj)+coefddy(i)*dbarx(ii,jj)+coefeey(i)
*dbarxprev(ii,jj)+coeffy(i)*dbarxprevprev(ii,jj)-(coefgy(i)*eyprev(ii,jj)+coefhy(i)*eyprevprev(ii,jj))); 
end 
  
%Ey setup for PML 
  
ey(:,1:PMLw) = (1/eps)*Dy(:,1:PMLw); 
ey(:,je-PMLw+1:je) = (1/eps)*Dy(:,je-PMLw+1:je); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Ey mask for in the PEC 
  
ey(:,:) = ey(:,:).*eymask; 
Dy(:,:) = Dy(:,:).*eymask; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% HzX and HzY in PML 
  
PsiHzX(2:ie,1:je) = bmx*PsiHzX(2:ie,1:je); 
PsiHzX(1,1:je) = bmx*PsiHzX(1,1:je); 
  
PsiHzY(2:ie,1:je) = (cmy/dy)*(-ex(2:ie,2:je+1)+ex(2:ie,1:je))+bmy*PsiHzY(2:ie,1:je); 
PsiHzY(1,1:je) = (cmy/dy)*(-ex(1,2:je+1)+ex(1,1:je))+bmy*PsiHzY(1,1:je); 
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%Bz update  
  
bz(2:ie,1+PMLw:je-PMLw) = bzprev(2:ie,1+PMLw:je-PMLw)+(dt/dx)*(ex(2:ie,1+PMLw:je-PMLw)-
ex(2:ie,2+PMLw:je-PMLw+1)+ey(2:ie,1+PMLw:je-PMLw)-ey(1:ie-1,1+PMLw:je-PMLw));  
bz(1,1+PMLw:je-PMLw) = bzprev(1,1+PMLw:je-PMLw)+(dt/dx)*(ex(1,1+PMLw:je-PMLw)-ex(1,2+PMLw:je-
PMLw+1)+ey(1,1+PMLw:je-PMLw)-ey(ie,1+PMLw:je-PMLw));  
  
%Bz update - in PML 
  
bz(2:ie,1:PMLw) = bzprev(2:ie,1:PMLw)+dt*((ex(2:ie,1:PMLw)-ex(2:ie,2:PMLw+1)+ey(2:ie,1:PMLw)-ey(1:ie-
1,1:PMLw))* 1/dx + PsiHzX(2:ie,1:PMLw)+PsiHzY(2:ie,1:PMLw)); 
bz(1,1:PMLw) = bzprev(1,1:PMLw)+dt*((ex(1,1:PMLw)-ex(1,2:PMLw+1)+ey(1,1:PMLw)-ey(ie,1:PMLw))* 1/dx + 
PsiHzX(1,1:PMLw)+PsiHzY(1,1:PMLw)); 
bz(2:ie,je-PMLw+1:je) = bzprev(2:ie,je-PMLw+1:je)+dt*((ex(2:ie,je-PMLw+1:je)-ex(2:ie,je-PMLw+2:je+1)+ey(2:ie,je-
PMLw+1:je)-ey(1:ie-1,je-PMLw+1:je))* 1/dx + PsiHzX(2:ie,je-PMLw+1:je)+PsiHzY(2:ie,je-PMLw+1:je)); 
bz(1,je-PMLw+1:je) = bzprev(1,je-PMLw+1:je)+dt*((ex(1,je-PMLw+1:je)-ex(1,je-PMLw+2:je+1)+ey(1,je-
PMLw+1:je)-ey(ie,je-PMLw+1:je))* 1/dx + PsiHzX(1,je-PMLw+1:je)+PsiHzY(1,je-PMLw+1:je)); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Hz update 
  
for i=1:hzoutc % in free space 
    ii=hzout(i,1); 
    jj=hzout(i,2); 
    hz(ii,jj) = (invtm*bz(ii,jj)-2*invtm*bzprev(ii,jj)+invtm*bzprevprev(ii,jj)+2*invt*hzprev(ii,jj)-
invt*hzprevprev(ii,jj))/invt; 
end 
  
for i=1:hzinc % inside the cloak 
    ii=hzincl(i,1); 
    jj=hzincl(i,2); 
    hz(ii,jj) = (1/A)*((invtm+(gammam(radhz(i))/(2*mu*dt)))*bz(ii,jj)-2*invtm*bzprev(ii,jj)+(invtm-
(gammam(radhz(i))/(2*mu*dt)))*bzprevprev(ii,jj)+A*(2*invt-(0.5*wpmsq(radhz(i))))*hzprev(ii,jj)-A*(invt-
(gammam(radhz(i))/(2*dt))+0.25*wpmsq(radhz(i)))*hzprevprev(ii,jj))/(invt+(gammam(radhz(i))/(2*dt))+0.25*wpmsq(r
adhz(i))); 
end 
  
% Hz update for PML 
  
hz(:,1:PMLw) =(1/mu)*bz(:,1:PMLw); 
hz(:,je-PMLw+1:je) =(1/mu)*bz(:,je-PMLw+1:je); 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Hz and Bz source update 
  
%hz(1:ie,js) = amp*sin(omega*t)*ones(ie,1); % store field source in Hz 
%bz(1:ie,js) = mu*hz(1:ie,js); 
  
for i=1:ie 
     
hz(i,js) = hz(i,js) + amp*sin(omega*t); 
bz(i,js) = mu*hz(i,js); 
  
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% Hz mask for in the PEC 
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hz(:,:) = hz(:,:).*hzmask; 
bz(:,:) = bz(:,:).*hzmask; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%Time stepping - store field information 
  
Dxtemp = Dxprevprev; 
Dxprevprev = Dxprev; 
Dxprev = Dx; 
Dx = Dxtemp; 
  
Dytemp = Dyprevprev; 
Dyprevprev = Dyprev; 
Dyprev = Dy; 
Dy = Dytemp; 
  
extemp = exprevprev; 
exprevprev = exprev; 
exprev = ex; 
ex = extemp; 
  
eytemp = eyprevprev; 
eyprevprev = eyprev; 
eyprev= ey; 
ey = eytemp; 
  
dbarxtemp = dbarxprevprev; 
dbarxprevprev = dbarxprev; 
dbarxprev = dbarx; 
dbarx = dbarxtemp; 
  
dbarytemp = dbaryprevprev; 
dbaryprevprev = dbaryprev; 
dbaryprev =dbary; 
dbary = dbarytemp; 
  
bztemp = bzprevprev; 
bzprevprev = bzprev; 
bzprev = bz; 
bz = bztemp; 
  
hztemp = hzprevprev; 
hzprevprev = hzprev; 
hzprev = hz; 
hz = hztemp; 
  
%Loop image, save to AVI video file 
  
timestep=int2str(n) 
pcolor(ex'); % creating pseducolor plot  
colormap jet; 
hold on; % start to draw circles 
circle(icenter,jcenter,R1); % get function from circle.m  
circle(icenter,jcenter,R2); % get function from circle.m  
hold off; 
shading flat; % setup mesh color 
caxis([-80 80]); % color limit 
axis([1 ie 1 je]); % x and y axis limit 
colorbar; 
axis image; % same data length for x and y 
title({['Ex at time step =', timestep];['Q-factor =', num2str(q)]});% title of the image 
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img = hardcopy(hFig, '-dzbuffer', '-r0'); 
writeVideo(aviobj,im2frame(img)); 
  
end 
  
% end time loop 
  
close(aviobj) 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
% save data in csv 
  
for i=1:jb 
count(i) = i; 
end 
  
newdata = [count;ex(icenter,:)]; 
  
csvwrite('csvlist.csv',newdata); 

  
Function to draw circles to indicate where the cloaking shell is located (need to be save as 

‘circle.m’ for the main script to use this function): 

 
function circle(x,y,r) 
 
%x and y are the coordinates of the center of the circle 
 
%r is the radius of the circle 
 
%0.01 is the angle step 
 
ang=0:0.01:2*pi;  
xp=r*cos(ang); 
yp=r*sin(ang); 
plot(x+xp,y+yp,'-k','LineWidth',1); 
end 

 


