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Abstract 

 

Origami inspired assembly of three-dimensional (3D) micro and nano-structures 

arise to be a broad topic in the past two decades due to their ability of property engineering, 

3D space utilization, and controlled motion, which have been widely used in the 

applications of metamaterial and plasmonic devices, electronics, and biomedical devices. 

However, the present techniques for the assembly of 3D nanostructures, such as by using 

DNA technology,  reactive ion etching, atomic layer deposition, and metal-assisted etching, 

do not allow real-time visualization,  which bring great challenges in controlling the shape 

with nanoscale precision, resulting in an extremely low yield and significant geometric and 

topological constrains. 

To address the issues of the traditional nanoscale self-assembly, my Ph.D. work 

involves developing novel in situ monitored self-assembly techniques triggered by 

energetic irradiation, such as ion and electron beam. The energetic irradiations offer two 

functions in the self-assembly: 1) on one hand, an excited ion or electron beam is able to 

deliver energy to the specific irradiated material, triggering localized material phase change, 

such as Sn grain coalescence, crystallization of amorphous material, or polymer reflow and 

shrinkage. Associated with the material phase changes, stress is induced in the thin film, 

folding the suspended 2D thin film up to 3D nanostructures; 2) on the other hand, the 

imaging capability of ion or electron beam enables real-time monitoring of the self-

assembly process, making it possible to precise tune the energy delivery to reach the 

desired assembly status. Because of the localized energy delivery and real-time imaging, 
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ultra-high self-assembly process with sub-10 nm scale precision is achieved. With further 

understanding of the material-irradiation interaction and careful design of the 2D patterns 

and material layout, more advanced functions have been achieved, leading to 

programmable, sequential, multidirectional, and reversible self-assembly in nanoscale. 

Further, the energetic irradiation triggered self-assembly processes have been used 

to build functional materials with advanced properties. I develop a strategy to build 3D 

graphene based nanostructures (i.e. nanocube and nanotube) via self-assembly process, 

which is one of the pioneer works in this field. By transforming graphene into 3D format, 

its amazing properties could be modified by the extra dimensionality, achieving enhanced 

or novel behaviors that does not exist in 2D. For instance, the plasmonic near-field 

enhancement of planar graphene undergoes severe exponential decay in the vertical 

direction away from the surface of the graphene, resulting in a relatively small spatial 

overlap between the specimens and the volume of high field confinement. I find that 3D 

graphene nanostructures exhibit novel plasmon hybridizations, which result in a near-field 

enhancement across the entire surface of these 3D structures as well as within their spatial 

volume. As the sensitivity is directly related to the field intensity in the vicinity of the 

analyte, the strong volumetric electric field confinement in these 3D nanostructures are 

proposed to be candidates for high sensitivity detection of proteins and other biological 

specimens. In addition, self-assembled nanocylinders with automatically formed 

plasmonic nanogaps have been developed into a nanofluidic based plasmonic sensor. The 

sequential and reversible self-assembly processes enable the realization of nano-machine 

and nano-robotics. Overall, this in situ monitored self-assembly technique provides a solid 
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foundation to build 3D nanostructures with various advanced functions, which push the 

limit for further exploration of the next generation devices.  
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Chapter1    

                                                                                                                                             

Overview of Nanoscale Origami Like Self-Assembly 
 

 In this chapter, I introduce the origin, concept, and development of nanoscale 

origami like self-assembly process. I present the current self-assembly techniques based on 

reactive ion etching, meta-assisted chemical etching, thin film strain, and DNA technology. 

Some of the major applications in surface modification, advanced optical devices, and 

nanomachines are discussed. In addition, I address the limitation of current techniques and 

propose the strategy to use in situ monitored self-assembly for further improving the 

controllability and yield.  

1.1 Evolution of Origami 

Origami, referring to “paper folding”, is an ancient oriental art, which can transform 

a piece of flat paper into fancy sculptures through several basic folds, such as valley and 

mountain folds, pleats, reverse folds, squash folds, and sinks [1].  The artists can use their 

bare hands and papers to create a wide variety of models including crane, fish, bird, frog, 

etc. [1, 2]. Only in some extreme cases, a paper clip or tweezer will be used to assist folding. 

Because of the limited usage of tools, the design plays an important role in origami works. 

In 1900s, the innovation of Yoshizawa-Randlett diagraming system provided an efficient 

method for designing and recording origami artworks, which triggers the renaissance of 

this ancient art [3]. The diagram for a lover’s knot is shown in Figure 1. Later in the 1980s, 

a group of origami masters started to use mathematical methods to systematically  
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Figure 1.1 Yoshizawa-Randlett diagraming system of a Lover’s Knot [4] 
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investigate the design of origami, leading to a rapid increases in the complexity of the 

origami models [5].  Because of these innovations, the content of origami has been 

significantly enriched, branching into a variety of new origami forms, such as action 

origami, modular origami, wet-folding, pureland origami, kirigami, and strip folding. 

In the same time period of origami renaissance, the material science and 

engineering also steps into a rapid development era. Remarkable achievements have been 

achieved in material synthesis, device fabrication, and characterization, which vastly 

extend the boarder of material science. Especially, the inspiring lecture “There is plenty of 

room at the bottom, an invitation to enter a new field of physics” given by Nobel Prize 

Laureate Richard Feynman [6] encouraged the scientists and researchers to discover new 

phenomenon in the micro and nano world. Plenty of advanced discoveries are found in this 

new dimension, where it has quantum effects [7], higher surface to volume ratio [8], and 

Brownian motion [9]. In this dimension, the size and structure play critical roles in 

determining the material and further device properties. For instance, the nanostructured 

surface [10, 11, 12], nanogap [13, 14, 15, 16], or nanoparticle [17,18, 19] can demonstrate 

plasmonic properties, leading to higher energy conversion [17], better sensing [10, 12, 16, 

18, 19], and even new characterization instrument [20]. Therefore, lots of effort has been 

put into pushing the development of synthesis or fabrication of well-controlled 

nanostructured materials.  

With enormous demand of new fabrication techniques to better control the material 

structures, it is not surprising that the scientists have great interests in origami process, 

which can build complex architectures from simple two dimensional thin films. This magic 
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origami like self-assembly process perfectly matches the scope of micro and 

nanofabrication. Therefore, vast amount of effort has been put into adapting strategies of 

origami to material synthesis and fabrication. The first round innovation arose in the 

millimeter scale and microscale assembly [21]. Among these methods, various driving 

forces are used to trigger the origami like self-assembly, such as pneumatic force [22-24], 

magnetic force [25-28], volumetric expansion [29-32], differential thermal expansion [33-

35], surface tension [20,  36,37], shape memory [38-40], thin film stress [41-43], shrinkage 

[44], and cell traction [45-47]. With further development of nanoscience and 

nanotechnology, it is possible to bring this magic origami process down to nanoscale. 

Several attempts have already been demonstrated, which will be briefly summarized in the 

following section.  

 

1.2 Summary of Current Nanoscale Origami Like Self-

Assembly Techniques 

Though nanotechnology has been used for centuries, its name, “nanotechnology”, 

is not formally confirmed till 1974 by Japanese scientists Norio Taniguchi [48]. Since the 

field is defined, many breakthroughs happen in last few decades, which significant push 

the limits of nanotechnology, achieving better understanding and control of material in 

nanoscale. For instance, the invention of scanning tunneling microscopy by IBM Zurich 

scientist in 1983 [49] and later the AFM and TEM equipped scientist with the capability to 

see the materials in atomic level, which accelerate the advances in all aspects of 

nanotechnology. With the rapid development of nanotechnology, more and more advanced 
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instruments are available, making it possible to further scale the origami process down to 

nanoscale. Some of the widely used process are:  reactive ion etching-based self-assembly 

[50-54], metal assisted chemical etching-based self-assembly [55], thin film stress-based 

self-assembly [56-61], and DNA-based self-assembly [62-67],   

  

1.2.1 Reactive Ion Etching-based Self-Assembly 

Plasma etching of Si in a RIE system is an exothermic process, which can generate 

sufficient energy to melt the low melting point materials such as Sn and further trigger 

grain coalescence (Figure 1.2) [50-54]. As a result of grain coalescence, surface tension 

force can be induced into the Sn thin film. When this thin film is deposited on a supporting 

frame, the surface tension force can curve or rotate the underlying panels out of plane, 

forming 3D nanostructures.  

 

Figure 1.2 Schematic showing the reaction ion etching based self-assembly of nano-cubic 

structures [53]. 
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1.2.2 Metal-Assisted Chemical Etching-based Self-Assembly 

Metal-assisted chemical etching is a process of wet etching of Si by using metal as 

a catalysis. By patterning metal catalysts into 2D nanoscale templates, the enhanced 

etching can be confined to small area surrounding the template. Further, by designing the 

layouts and patterns of the metal catalysts template, difference etching speed can be 

assigned to different sections of the template. The difference in etching speed allows each 

parts of the template etching down in to the Si at a different time, achieving a folding 

behavior. Because of the folding process, the 2D template can finally be transformed into 

a 3D nanostructure [55].  

1.2.3 Thin Film Strain -based Self-Assembly 

The thin film strain-based self-assembly are based on the epitaxially grown 

heterojunction thin films [56-61]. The bilayer consists of two different materials with 

different lattice constants. Normally, the top layer material (GaAs) should originally have 

a smaller lattice constant while the bottom layer (InAs) should have a larger lattice constant  

Figure 1.3 Schematics showing the mechanism of thin film strain induced self-assembly 

of nanotube [56, 61]. 
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as shown in Figure 1.3a. When the bilayer is grown on the substrate, they will try to 

maintain the same lattice size. Therefore, the top layer will experience compressive strain 

and the bottom layer will experience tensile strain in the grown bilayer. Once this bilayer 

is detached from the substrate, the bilayer will deform so that each layer can reach to its 

intrinsic constant. Therefore, the top layer will shrink and the bottom layer will expand, 

leading to the upward curving into a nanotube (Figure 1.3d).  

1.2.4 DNA-based Self-Assembly 

Deoxyribonucleic Acid (DNA) is a double helix structure, which has unique 

interactions between complementary base pairs. This specific interaction makes it possible 

to control the shape and motion of DNA through carefully designing its base sequence [62-

66]. The initial work of DNA origami is based on using short DNA strands as the “staples” 

to bind specific spots in long strands and further guide the folding of long strands [62]. By 

designing the location of binding spots, the long strands can be folded into intricate 2D or 

3D structures [63]. Further, additional functional materials, such as Au nanoparticles, can 

be attached to the DNA strands, forming more complex 3D networks with advanced 

mechanical or optical properties [66-68].    

 

1.3 Application of Self-Assembled 3D Nanostructures 
 

The development of origami like self-assembly techniques significantly enrich the 

library of 3D nanostructures. Various 3D nanostructures, including cubes, tubes, and 

wrinkles, have been demonstrated through folding or curving processes [50-67].  These 
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self-assembled 3D nanostructures show great potential in achieving novel phenomena due 

to their ability of property engineering [69], 3D space utilization [70], and controlled 

motion [71], which can trigger vast amount of advanced applications in different fields. 

Some of the major innovations are focused on surface wettability modification [72-76], 3D 

optical devices [19, 77-84], and nanorobotics [85-89].  

1.3.1 Surface Wettability Modification 

Wettability of a solid surface is a common phenomenon in nature and has inspired 

enormous applications, ranging from coatings, heat transfer, and liquid modification, to 

chemical and biological screening [90-92]. A surface with self-assembled 3D 

nanostructure is one of the major strategies to tune the surface wettability [72-76]. The 

topology of the 3D nanostructure directly affects the surface energy, which determines the 

wettability [76]. For instance, 3D nanoscale wrinkles generated via strain relief of the 

substrate has shown the capability to program surface wettability [72-75]. By modifying 

the topology of wrinkles, the surface can achieve all the wetting states from 

superhydrophobic to superhydrophilic [74].  With precise design of the 3D nanostructures, 

the interaction between the liquid and surface can be further controlled, leading to 

programmable liquid film thickness and final wetted liquid shape [76]. One example is the 

surface with curving pillars fabricated via residual stress [76]. The curving pillars enable 

precise modification of the surface energy, assigning different surface energy to specific 

spots within a small area. This differential surface energy results in uni-directional liquid 

spreading on a surface [76].  
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1.3.2 Advanced Optical Devices 

The 3D nanostructures can also serve as unique platforms for exploring novel 

optical behaviors that can hardly be achieved in 2D flat thin films. The self-assembly of 

3D nanostructures features several advantages including unique 3D coupling [77-79], 

enhanced interaction [19,81], and tunable response [82]. First, the 3D nanostructures can 

form unique 3D artificial architectures, which can achieve enhanced or even inexistent 

optical behaviors compared to 2D. For example, the self-assembled 3D twisting 

nanostructures are desirable platforms to achieve intrinsic optical chirality, which only 

exist in 3D [79]. Second, the 3D configurations enable the enhanced interaction with 

incident light due to the full utilization of 3D focal volume [19, 81], which can improve 

the behavior of the device. A 3D plasmonic sensor with higher sensitivity [19] and a 3D 

metamaterial with higher quality factor [81] have been demonstrated through this strategy.  

Third, some of the self-assembly process with reversible functions can be used to build 

optical devices with tunable responses. A resonator that can be reversible folded 

demonstrate a switchable resonance from long wave to mid-IR regime [82]. 

1.3.3 Nanomachine 

The origami like self-assembly is a powerful tool for building nanomachines. On 

one hand, the motion of nanoscale materials involved in self-assembly aligns well with the 

fundamental requirement of nanomachine or nanorobotics. A controllable self-assembly 

process actually demonstrates the basic function of a nanomachine. DNA molecular 

nanomachine has been achieved based on DNA origami process, which can perform linear, 

rotational and reciprocating movement [85, 86]. On the other hand, the 3D configuration 
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of self-assembled nanostructures makes it possible to be used as the frame of a 

nanomachine. Additional functional modules, such as sensing and power components, can 

be integrated onto the self-assembled 3D nanostructures, forming a powerful nanomachine 

[87-89]. Self-assembled tubular nanostructure becomes a widely used nanomachine model 

due to its asymmetric inner and outer surface [87]. The inner surface is normally decorated 

with catalyst or reactive materials, working as the power system of the nanomachine. While, 

functional components are incorporated on the outer surface to conduct specific tasks. 

 

1.4 Motivation: Current Issue of Nanoscale Self-Assembly 

Self-assembly of three-dimensional (3D) nano-structures arises to be a broad topic 

due to their ability of property engineering, 3D space utilization, and controlled motion, 

which have been widely used in the applications of surface modification, nano-optics, and 

nano-machines.  Recently, great development has been achieved in nanoscale origami like 

self-assembly techniques. However, it remains challenging to precisely control the process 

as it involves intricate transformation of two-dimensional (2D) thin film into 3D 

architectures. Since the structural transformations are dynamic, they are easily affected by 

variations during reactions. Small differences in temperature, pressure, and dimensions 

before or during self-assembly, which are inevitable, will result in unexpected movements 

of nanostructures [50]. Moreover, the structures are in nanoscale so that they are not able 

to be visualized during self-assembly, making it impossible to apply instant adjustment of 

reaction conditions to compensate the disturbance induced by the small variations. Thus, 
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these self- assembly techniques suffer limited control of the assembly morphology, which 

bring great challenge for fully exploring their advantages and diverse applications. 

To address this issue, ion and electron irradiations in scanning microscopes stand 

out as two promising candidates due to their capability of inducing localized programmable 

stimuli and providing real-time observation. The ion or electron beam in a focused ion 

beam (FIB) system or a scanning electron microscope (SEM) enable precise delivery of 

irradiated particles (ie. ions or electrons) to a specific nanoscale area and generate localized 

stress to drive self-assembly process through various irradiation-matter reactions. In 

addition, the imaging ion or electron beam empowers the visualization of this process, 

which can instantly guide the localized stress to realize assembly with nanoscale precision. 

Because of the combined advantages, the yield and complexity of the self-folding processes 

are significantly improved. This strategy provides the possibility to create intricate 3D 

architectures with advanced physical and chemical properties, leading to innovation of 

functional applications in diverse fields.   

In this thesis, I first report the study of RIE-based self assembly process in Chapter 

2, where I investiagte the mechanism of energetic irradiation (plasma) induced material 

phase change (grain coalescence) and propose a strategy to quickly achieve successful 

assembly. In Chapter 3, I apply the stress generation mechanism based on ion-material 

interaction to a FIB-based self-assembly process, which enables real-time monitoring of 

assembly, resulting in ultra-high yield. Next, I report an electron irradiation triggered self-

assembly process in Chapter 4, which demonstrates sequential and reversible assembly, 

paving the path to create intricate 3D functional nanostructure, such as tertiary structures. 
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Based on these assemble processes, two applications, gap-based plasmonic cylindrical 

nanosensor and functional graphene-based 3D nanostructures, are demonstrated, which are 

described in Chapter 5 and Chapter 6 respectively. The gap-based plasmonic cylindrical 

nanosensor utilize the self-curving process to automatically form a plasmonic nanogap in 

a nanochannel, which can achieve both the light and liquid confinement, improving the 

sensing behaviors. In Chapter 6, we introduce self-assembly of graphene-based 

nanostructures, which is one of the first work to fabricate 3D nanostructures with 3D 

materials in the field. This achievement adds an additional dimension to 2D materials and 

provides a new concept to further explore the advantages of 2D materials. We theoretically 

study the plasmonic behaviors of 3D graphene nanostructures and proposal a strategy to 

achieve higher sensitivity using graphene-based cylindrical structures.  
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Chapter2  
 

Plasma Triggered Self-Assembly 
 

In this chapter, I introduce the fundamentals of plasma triggered self-assembly. The 

self-assembly process is based on surface tension force generated by plasma triggered grain 

coalescence. Therefore, the mechanism of plasma triggered grain coalescence is first 

discussed in detail. Further, I will cover the effect of grain coalescence and etching profile 

on self-assembly. Finally, a strategy is proposed to guide successful assembly of 3D 

nanostructures utilizing surface tension force driven by nanoscale grain coalescence.   

2.1 Introduction to Plasma Triggered Self-Assembly 
 

2.1.1 Nanoscale Grain Coalescence  

Nanoscale metal grain coalescence in thin-films after deposition is a process which 

accompanies sintering and densification of nanoparticles [93]. Phase and morphology 

changes resulting from grain coalescence induce advanced properties, which have been 

utilized in changing thin-film dielectric properties [94, 95], nano-welding [96 -98], and 

self-assembly of 3D nanostructures [37, 50, 51, 52, 77, 99, 100]. In particular, the use of 

grain coalescence for the self-assembly of 3D nanostructures attracts great attention due to 

the ability of these structures to explore new physical and chemical phenomena for building 

next generation nanodevices. 

Plasma surface reaction, which enables controllable heat generation, is one of the 

approaches for triggering grain coalescence and controlling the coalescence performance 
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[101-103]. Specifically, numerous plasma etching systems exhibit localized heat 

generation in the area of plasma/surface interaction [104-109]. The plasmochemical 

reactions in these plasma etching systems are exothermic and able to thermally stimulate a 

wide range of physical processes and chemical reactions [108, 109]. In addition, ion 

bombardment also happens in plasma etching systems, which contributes to heat 

generation by transferring kinetic energy [110-113]. As a result, the extreme heat generated 

on the surface of the reaction area is able to melt the grains and trigger grain coalescence 

in metal thin-films [37, 50, 51, 52, 77, 99, 100]. The heat generation is determined by the 

reaction rate of the plasma etching, which can be controlled by plasma power and ratio of 

gas flow rates. Therefore, the performance of grain coalescence can be thermally controlled 

by tuning the reaction parameters. 

2.1.2 Theory of Plasma Triggered Self-Assembly 

The self-assembly processes normally require a continuous bilayer or hinged 

networks, which consists of a frame layer and a responsive hinge layer. To trigger self-

assembly process, grain coalescence should be induced in the hinge layer. A s a result of 

grain coalescence, a surface tension force is induced in metal thin-films, when nanoscale 

grains liquefy. The surface tension force curves or rotates the underlying panels out of 

plane forming the 3D nanostructures[37, 50, 51, 52, 77, 99, 100].   

2.1.3 Current Issues of Plasma Triggered Self-Assembly 

Although grain coalescence in tin (Sn) metal films was previously demonstrated in 

a reactive ion etching (RIE) system, which utilized the principle of plasma etching, and 

surface tension force generated by grain coalescence was used for assembly of both curved 
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and polyhedron nanostructures [37, 50, 51, 52, 77, 99, 100], the effect of different 

conditions in the plasma etching system on grain coalescence has not been systematically 

studied. This brings great challenges in controlling the performance of grain coalescence, 

making the assembly of 3D nanostructures difficult to be reproduced on different structures. 

Therefore, I take advantage of the controllable heat generation of plasma etching to 

achieve the desired grain coalescence for a self-assembly process. The grain coalescence 

in Sn thin-films induced by RIE of silicon substrates with the gases tetrafluoromethane 

(CF4) and oxygen (O2) has been explored, and it is found that the power and ratio of gas 

flow rates (CF4/O2) in a RIE process show great effects on the morphologies of the grain 

coalescence as well as the self-assembled 3D structures. In addition, the effects of the 

different grain coalescence performances and Si substrate etching profiles on the self-

assembly process have been studied. Finally, an approach to control the self-assembly of 

3D nanostructures has been developed. 

2.2 Plasma Interaction with Sn  

2.2.1 Fabrication and Analysis of Sn Strips 

To study the grain coalescence induced under plasma, 1 µm wide strips were 

patterned by a lift-off process on a silicon (Si) wafer and then a 30 nm thick Sn film was 

directly deposited using an electron beam evaporator (Figure 2.1a,df). The RIE of Si with 

CF4/O2 was used to generate heat energy and trigger grain coalescence in the sample 

placed on the chuck, which is a powered RF electrode. Various parameters, such as the 

plasma power and ratio of gas flow rates (CF4/O2), were changed to investigate and control 

the morphology of the grain coalescence. The status of grain coalescence (γg) was 
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quantified by calculating the exposed area of the Si substrate between the grains within the 

Sn strip divided by the original area of the Sn strip by using computer software (Polygonal 

Lasso Tool in Photoshop) analysis of SEM images (γg = exposed Si substrate after a RIE 

process/original area of Sn strip before a RIE process). 

Figure 2.1 Conceptual schematics and scanning electron microscopy (SEM) images 

showing the grain coalescence process of Sn thin film during RIE process [53]. 

2.2.2 Mechanism of Plasma Triggered Sn Grain Coalescence 

The Sn film shows grainy morphology on the Si, Ni, and Al2O3 substrate because 

the surface tension of the Sn film exceeds that of the substrate, [52] (Figure 2.1a, d). To 

generate heat energy and trigger grain coalescence, the RIE of Si with CF4/O2 was used.  

In the plasma etching process, the chemical reaction between fluorine radicals and Si atoms 

produces the volatile products difluorosilicon (SiF2) and silicon tetrafluoride (SiF4) and is 
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able to remove Si atoms from the surface [110,114]. Additionally, as a feature of RIE, the 

ion bombardment (physical interaction) of active ion species like CFx
+ also contributes to 

the etching (Figure 2.1b, c) [115]. Both the chemical and physical reactions in the RIE 

process are exothermic and can generate localized extreme heat energy at the interface of 

the plasma and the Si substrate. As a result of the localized heat, the small Sn grains 

deposited on the Si substrate will start to melt and merge into large grains (Figure 2.1b, e). 

With further etching of Si, the large grains will melt and coalesce with each other, forming 

one unit (Figure 2.1c, f).  

2.2.3 The Effect of RIE Parameters on Grain Coalescence 

To understand and control the grain coalescence triggered by RIE, the effects of 

plasma power, ratio of gas flow rates, and etching rate of the Si substrate were 

systematically explored. In the experiment, the pressure and etching time were kept 

constant at 100 mTorr and 4 min 30 sec, and a series of plasma powers of 40, 120, and 200 

W were applied in a RIE system (STS Etcher 320). A fixed CF4 flow rate of 12 sccm 

combined with varying O2 flow rates of 5, 15, and 30 sccm was used in the RIE process, 

resulting in ratios (O2/CF4) of 0.42, 1.25, and 2.50. The various morphologies of grain 

coalescence caused by different combinations of power and ratio of gas flow rates were 

clearly observed (Figure 2.2). As shown in the figure, while a higher ratio of O2/CF4 shows 

an inhibition on the coalescence, an increased power contributes to greater grain 

coalescence. The observation was rationalized by noting the plasma power and ratio of 

flow rates are essential for the etch rate, thereby affecting heat generation, resulting in 

different morphologies of grain coalescence (Figure 2.2). On one hand, plasma power of a 
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Figure 2.2 SEM images of the grain coalescence after a 4min 30sec RIE process with 

varying power (40, 120, and 200 W) and ratio of O2 over CF4 (O2 /CF4 = 0.42, 1.25, and 

2.50). The pressure and CF4 flow rate are fixed to be 100 mTorr and 12 sccm, respectively. 

A series of oxygen flow rates of 5, 15, and 30 sccm was applied to change the ratio of O2 

over CF4. The value of quantified grain coalescence, vertical etch rate, and horizontal etch 

rate of each sample was labeled as 𝛾g (a.u.), V (nm/min), and H (nm/min), respectively, 

under each figure. The scale bars are 100 nm [53].  

 

RIE process influences the fluorine concentration [116]. At higher plasma power, more 

CF4 gas molecules can be dissociated due to the sufficient high electron energy [116]. 
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More fluorine atoms in the gas molecules can be released by the dissociational collisions 

and lead to a higher fluorine concentration than at low plasma power, which enhances the 

chemical etch rate of the Si substrate [116]. On the other hand, the kinetic energy of the 

ions, such as CFx
+, will also be enhanced due to high bias voltages (plasma power). As a 

result, the ion bombardment would be more significant and contribute to a higher physical 

etch rate. Associated with the enhanced etch rate due to both chemical and physical etching, 

more heat is generated on the substrate, which induces a more significant morphological 

change in the Sn grains meaning greater grain coalescence (Figure 2.2). Moreover, 

additional O2 in the RIE chamber can initially enhance the etching due to the additional  

 

Figure 2.3 Experimental results of the variation of a) vertical etch rate, and b) horizontal 

etch rate in the RIE process with varying power (40, 120, and 200 W)  and varying ratio of 

O2 over CF4 (0.42, 1.25, 2.50). The pressure and CF4 flow rate are fixed to be 100 mTorr 

and 12 sccm respectively. Oxygen flow rates of 5, 15, and 30 sccm are utilized to control 

the ratio of oxygen over CF4 [53]. 
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atomic fluorine created by the reaction between O2 and radicals like CF3 [117, 118]. 

Previous work has observed greater grain coalescence caused by increasing the O2 flow 

rate in this regime, where the percentage of O2 in the mixture gas is low [51]. When the 

percentage of O2 exceeds 5% in the gas mixture, which is the case discussed in this paper, 

a significant passivation film of SiFxOy can be formed on the surface due to the high O2 

flow rate [119]. The passivation layer cannot be removed by fluorine atoms and it prevents 

the sputtering of Si by the CFx
+ ion bombardment. Hence, the etch rate was greatly reduced 

(Figure 2.3). This low etch rate of Si resulted in less heat generation and no obvious grain 

coalescence. Therefore, the clear effect of the etch rate, as a function of gas flow rate and 

plasma power, on grain coalescence demonstrates that localized heat generated in plasma 

etching triggers the grain coalescence. 

During the grain coalescence, the small grains merge into each other to form large 

grains to reduce surface area for minimizing surface energy. Therefore, the surface area of 

the grains can be used as a parameter to evaluate the grain coalescence. To quantitatively 

study the effect of the plasma parameters (i.e., gas flow rate, plasma power, and etch rate) 

on the grain coalescence, the status of grain coalescence (γg) was quantified by calculating 

the exposed area of Si substrate between the grains, within the Sn strip, divided by the 

original area of the Sn strip by using computer software (Polygonal Lasso Tool in 

Photoshop) (γg = exposed Si substrate after RIE/original area of Sn strip before RIE). As 

the Sn is directly deposited on the Si substrate, even though the Sn grain flow after melting, 

it will still stay on Si surface and can be measured. In addition, the data is collected based 

on average value of grains, which can minimize the error. Higher values of γg indicate  
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Figure 2.4 a) Quantified grain coalescence in a RIE process with varying power (40, 120, 

and 200 W) and varying ratio of O2 over CF4 (0.42, 1.25, 2.50). The pressure and CF4 flow 

rate are fixed to be 100 mTorr and 12 sccm, respectively. Oxygen flow rates of 5, 15, and 

30 sccm are utilized to control the ratio of oxygen over CF4. b) The relationship between 

the grain coalescence and both the vertical and the horizontal etch rates [53]. 

 

more significant grain coalescence (Figure 2.2 and 2.4a). The data shown in Figure 2.4 

were generated from Figure 2.2. It is clear the grain coalescence (γg) was more significant 

with lower oxygen flow rate and higher plasma power (Figure 2.4a), which was consistent 

with both the changing trend of horizontal and vertical etching rates according to the 

oxygen flow rate and plasma power shown in Figure 2.3. The oxygen flow rate affects the 

etching rate, which affects grain coalescence; with high flow rates of O2, a passivation layer 

of SiFxOy forms on the surface of the Si substrate, resulting in a low Si etch rate and less 

heat generation. Therefore, morphology of weak grain coalescence (low γg) was observed 
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for trials with higher oxygen flow rates (Figure 2.4a). Increasing the plasma power leads 

to an increase in the atomic fluorine concentration, enhancing the chemical reaction for 

etching Si. Additionally, the high plasma power intensifies ion bombardment, increasing 

thermal energy transferred to the Sn grains [110, 111]. Since both the chemical and 

physical reactions are exothermic, a high etching rate contributes to greater heat generation, 

resulting in more significant grain coalescence.  

To further investigate the mechanism of grain coalescence, the direct relationship 

between grain coalescence and both the vertical and the horizontal etching rate are plotted 

(Figure 2.4b). As shown in the figure, the grain coalescence shows an overall increasing 

behavior with both increasing vertical and horizontal etching rate until the etch rate of 100 

nm/min is reached. However, as the etch rate increases further (> 100 nm/min), the amount 

of grain coalescence saturates.  This could be caused by the limited volume of the Sn grains. 

Since the volumes of the Sn grains are in nanoscale, the heat generated on the Si substrate, 

within the high etch rate region, can easily reach the required level for triggering significant 

grain coalescence. Once significant grain coalescence has been triggered, further increase 

of the heat generation cannot significantly speed up the process due to the limited volume 

of the Sn grains, thereby causing the saturation region (Figure 2.4b). The results 

demonstrate grain coalescence can be easily controlled by adjusting the etching rate of the 

Si substrate; thereby indicating self-assembly of 3D nanostructures utilizing grain 

coalescence can be precisely controlled. 

2.3 Self-Assembly Of 3D Nanostructures 

With a better understanding of RIE triggered grain coalescence, I move forward to  
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develop a strategy for achieving successful self-assembly. Both the surface tension force 

generated during grain coalescence and the release of structure should be precisely 

controlled. The strategy has been demonstrated useful for assembly of nanocube and 

nanotube.  

2.3.1 Fabrication of 2D Sample 

Fabrication of 2D nets for self-assembly of cubic structures. To utilize grain 

coalescence for triggering self-assembly of 3D nanostructures, 20 nm thick nickel (Ni) 2D 

nets with five square nanoscale panels (with dimensions of ~ 500 × 500 nm) were first 

defined, with “UMN” lettered patterns on the surrounding four panels, on a Si wafer by an 

electron beam lithography (EBL) process. On top of the panels, a 30 nm thick Sn hinge 

was patterned (Figure 2.5a). After the EBL process, reactive ion etching with CF4/O2 was 

used to induce Sn grain coalescence and realize the assembly of 3D nanostructures from 

the 2D nets (Figure 2.5b, c). 

Fabrication of 2D ribbon for self-assembly of tube structures. To demonstrate 

the mechanism can be applied to different structures, 2D ribbons (with dimensions of ~ 

300 × 2000 nm) were defined on a Si wafer by an electron beam lithography (EBL) process. 

After developing, 3 nm aluminum oxide (Al2O3) and 2.5 nm Sn were deposited to form 

the ribbon (Figure 2.5d). After the lift-off process, reactive ion etching with CF4/O2 was 

used to induce Sn grain coalescence and realize the assembly of tube structures (Figure 

2.5e, f). 
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2.3.2 Driving Force for Self-Assembly 

As a consequence of grain coalescence, a surface tension force is induced in the Sn 

thin-film. Once the grain coalesce is triggered in the Sn hinges of 2D structures, the surface 

tension force can lift up (Figure 2.5 a-c) or curve up (Figure 2.5 d-f) the underlying layers 

out of the plane (Figure 2.5 b, e), transforming them into 3D nanocube (Figure 2.5 c) or 

nanotube (Figure 2.5f). Therefore, one of the major factor for successful self-assembly is 

to achieve significant grain coalescence to provide sufficient surface tension force.  

Figure 2.5 Conceptual schematics showing the origin of the extrinsic stress and surface 

tension force observed within the Sn film that causes the a-c) discontinuous frame to fold 

up or d-f) the continuous film to curve up [53].  
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The importance of grain coalescence on nanoscale self-assembly is shown in Figure 

2.6. The pressure and etching time of the RIE process for self-assembly were fixed at 100 

mTorr and 4 min 30 sec, respectively, which are the same values as used in Figure 2.2. The 

plasma power of 120 W and varied ratio of gas flow rates (O2/CF4) of 1.25 and 2.50 were 

selected because these conditions showed dramatically different grain coalescence (γg = 

0.552, and 0.437, respectively) (Figure 2.2 e-f). With the gas flow ratio of 2.50, no 

significant grain coalescence (γg = 0.437) was observed. This indicates the surface tension 

forces generated in the hinges are not sufficient to fold the panels and transform the 2D 

nets into 3D nanostructures even though the panels were completely released from the 

substrate (Figure 2.6a). With a lower gas flow rate ratio (1.25), the grain coalescence with 

some portion of large grains was triggered in the Sn hinges, which induces surface tension 

forces in the hinges and transforms the 2D nets into uniform 3D nanostructures with a 

folding angle of 45° (Figure 2.6b) (time for applying RIE was ~ 4 min 30 sec). 

Figure 2.6. SEM images of self-assembly result with different surface tension force [53]. 
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2.3.3 Importance of Etching Profile 

It is still insufficient to only control the surface tension force for achieving the 

uniformly assembled (homogeneous) 3D nanostructures. For example, a RIE recipe that 

can trigger considerable grain coalescence (Figure 2.2d) is used for self-assembly (Figure 

2.7). However, only parts of the panels were folded to an angle of 90° and no successfully 

folded 3D nanostructures were observed for this recipe (Figure 2.7). This is because the 

central panel is released from the substrate before the grain coalescence if fully activated. 

Without a stable connection between the Si substrate and the nanostructures, it is difficult 

to uniformly transfer the localized heat to the structures; hence, no uniform 3D structure 

can be achieved. Therefore, the release of the panels, which is determined by the etching 

profiles, should also be precisely controlled to achieve completely folded, homogeneous, 

3D nanostructures. 

Figure 2.7 Considerable heat generation and grain coalescence does not contribute to fully 

folded structures. Only parts of the panels get folded more than 90° [53]. 

2.3.4 Strategy for Successful Self-Assembly  

For a successful assembly of the3D nanostructures, the grain coalescence and 

release of the panels from the substrate should be balanced. The RIE process should be 
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well controlled to achieve desired vertical and horizontal etching rate, which is responsible 

for not only triggering grain coalescence but also releasing the surrounding panels from the 

substrate. A desired ratio makes it possible to generate enough heat energy while only the 

surrounding panels are completely released, forming uniform 3D nanostructures. 

Otherwise, if the horizontal etching much more actively occurs, the structures will be 

released before sufficient grain coalescence is triggered, causing the structures to not be 

fully folded. On the other hand, if the horizontal etching rate is much lower than the vertical 

etching rate, the surrounding panels will not be released during the Sn grain coalescence, 

resulting in unfolded structures. Therefore, for self-assembly of 3D nanostructures. 

2.3.5 Control of Vertical/Horizontal Etching Ratio  

For controlling the etch rate ratio (vertical/horizontal), the ratio of O2 flow rate over 

CF4 is the dominant factor. At low gas flow rate ratios (O2/CF4), chemical reactions 

between fluorine and silicon atoms dominate the etching process. As the chemical reaction 

has no directionality, the etching profile is isotropic, which means the etch rate ratio 

(vertical/horizontal) is around 1 (Fig. 6(a)). With an increasing gas flow rate ratio, a 

passivation layer of SiFxOy, induced by high oxygen flow rate, forms on the surface of the 

silicon substrate. The passivation layer can only be removed by ion bombardment rather 

than the chemical reaction. As the ion bombardments are in the vertical direction, the 

vertical etch rate (V) becomes more significant compared to horizontal etch rate (H) 

(Figure 2.8). Therefore, increasing gas flow rate ratio (O2/CF4) could monotonically 

increase the ratio (V/H) of vertical etch rate over horizontal etch rate (Figure 2.8). 
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Figure 2.8 The ratio of vertical etch rate over horizontal etch rate in a RIE system with 

fixed pressure of 100 mTorr and various power and gas flow rate ratio [53].  

2.3.6 Self-Assembly of 3D Nanocubes 

The strategy and map of etch rate ratio (Figure 2.8) has been used to guide the 

assemble of nanotube. At a low oxygen flow rate of 5 sccm (O2/CF4=0.42), the ratio of 

vertical etch rate over horizontal etch rate (V/H) is low. At the point in time when the 

nanostructure is fully released from the substrate, a relatively low amount of Si is vertically 

etched, which results in insufficient heat generation, leading to insignificant grain 

coalescence. Hence, there is not enough surface tension force generated in the Sn hinge 

films to fold all surrounding panels up to 90° until right after the central panel has already 

been released from the Si substrate (Figure 2.9 a, the left inset SEM image pointing ①, 
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the RIE conditions highlighted with a dash line in Figure 2.8 corresponds to the RIE 

conditions and results shown with a solid line in Figure 2.9a). Once the structure is released 

from the substrate, there is no stable connection between the nanostructures and the 

substrate, making it difficult to uniformly transfer heat to the nanostructures. Even though 

significant heat has been generated by further application of RIE after the central panel is 

released, there is still no sufficient grain coalescence in some of the Sn hinges due to the 

difficulty of heat transfer. As a result, no uniformly folded 3D nanostructures can be 

achieved. In addition, significantly increasing the etch rate ratio to 2.80 by applying a high 

oxygen flow rate of 30 sccm (O2/CF4 = 2.50), which relatively increases vertical etching 

and decreases horizontal etching, is also not able to achieve successful self-assembly. The 

low horizontal etch rate contributes to a long etching time to release the surrounding panels. 

During this process, a large amount of Si can be etched because of the long etching time 

and relatively high vertical etching rate, making the Sn hinge completely melt and disperse 

away from the panels before the surrounding panels are released. Since the Sn hinges on 

and between the panels were already removed prior to the release of the outer panels from 

the substrate, the 2D nets can no longer be folded (Figure 2.9a, the right inset SEM image 

pointing ③). Therefore, by considering both the grain coalescence and etching profile, an 

oxygen flow rate of 15 sccm (O2/CF4 = 1.25), which leads to an etch rate ratio of 1.50, was 

used. With this recipe, the assembly of completely folded 3D structures is successfully 

performed because sufficient surface tension force is induced in the thin-films in proper 

timing with the release of the surrounding panels, while the central panel is still connected 

(Figure 2.9a, the middle inset SEM image pointing ②). Therefore, a recipe with a pressure 
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of 100 mTorr, power of 120W, CF4 flow rate of 12 sccm, O2 flow rate of 15 sccm, and RIE 

time of 5 min 30 sec shows the ability to assemble the 3D polyhedral nanostructures. 

Figure 2.9 The effect of etch rate ratio on self-assembly  of a) cubic structures with a fixed 

power of 120 W and b) tube structures with a fixed power of 150 W. The six data points in 

a) and b) correspond to the labeled points ① - ⑥ in Figure 2.8 [53].  

2.3.7  Self-Assembly of 3D Nanotubes 

Although the structures with different size and shape require different heat 

generation and structure release process, this strategy can be used as guidance for self-

assembly, which will greatly reduce the time for optimizing the recipe. For new structures, 

different power should be first tried to achieve initial folding or curving performance even 

though it is not completely or uniformly self-assembled. Then the gas flow rate ratio should 

be tuned to optimize the process for successful self-assembly. 
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To demonstrate that the strategy’s universality, it is directly be used to guide the 

self-assembly of tube structures (Figure 2.9b). After figuring out the power of 150 W, the 

gas flow rate ratio was optimized to achieve the successful self-assembly process. At the 

O2/CF4 ratio of 0.5, the vertical to horizontal etching rate ratio is 1, which cannot 

accumulate enough energy to self-assembly of the tube before releasing it form the 

substrate, resulting in ununiformed partially folded tube structure (Figure 2.9 b, the left 

inset SEM image pointing ④). By slight increasing the O2 to CF4 gas flow rate ratio, the 

vertical to horizontal etching rate ratio can be increased to 1.2, which can generate more 

energy for folding the structures before releasing, resulting in totally folded tube structure 

(Figure 2.9 b, the left inset SEM image pointing ⑤). Similar to the trend of cubic structures, 

further increase of the O2 to CF4 flow rate ratio will lead to higher vertical to horizontal 

etch rate ratio (1.8), which make the Sn melted and flowed away from surface before the 

structure can be folded, leading to the failure of self-assembly (Figure 2.9 b, the left inset 

SEM image pointing ⑥).   

2.4 Quick Summary 

I have characterized nanoscale grain coalescence induced by heat generated by a Si 

etching process in a plasma etching system. Plasma power and gas flow rate ratio in the 

RIE process have been shown to have effects on the etching rate, which affects heat 

generation, impacting grain coalescence. This study highlights how the performance of 

grain coalescence can be controlled by tuning the power and gas flow rate ratio between 

O2 and CF4. In addition, substrate etching rates and etching profiles have been 

demonstrated to be the dominant factors affecting the self-assembly of 3D nanostructures 
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because they are responsible for inducing enough surface tension force and releasing the 

structures from the substrate, respectively. Also, the strategy has been demonstrated to be 

able to be used for various structures rather than only polyhedral structures. This study can 

serve as a guideline for self-assembly of 3D nanostructures utilizing nanoscale grain 

coalescence. 
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Chapter3  

Ion Irradiation Triggered In Situ Monitored               

Self-Assembly 

 

 In this chapter, I address the limitation of invisible nanoscale assembly process and 

introduce the ion irradiation triggered in situ monitored self-assembly. The fundamentals 

of ion induced grain coalescence and polymer reflow are presented. The folding process 

are analyzed based on the measurement and modelling results. Further, the effect of metal 

hinge and polymer hinge on optical devices are discussed and compared.  

 

3.1 Limitation of Invisible Self-Assembly 

Multi-dimensional (i.e. 3D) nanostructures provide more possibilities to further 

alter the properties of the nanomaterials [120-124], leading to state-of-the-art applications 

in diverse fields. Therefore, great effort has been put into the development of 3D 

nanofabrication process, resulting in various advanced techniques. Reactive ion etching 

(RIE) [120], atomic layer deposition (ALD) [125], and metal-assisted chemical etching 

(MaCE) [55] based self-assembly processes have been developed to build 3D 

nanostructures. All of these assembly processes are dynamic, meaning they are achieved 

by inducing a force to move 2D pieces out of a plane and transform them into 3D structures. 

For example, heat generation in an RIE system is able to trigger metal reflow in thin films 
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to generate surface tension forces for self-assembly of 3D nanostructures [120]; deposition 

of material in an ALD process can induce an intrinsic stress gradient in the film to curl 

nanostructures [25]; and uneven etching in MaCE processes enable gravity to fold hinged 

2D structures downward, leading to 3D structures [55]. Since the structures are in 

nanoscale, these dynamic assembly processes are easily affected by small variations. Even 

though a strategy for successful self-assembly has been developed in aforementioned 

Chapter 2, it still requires vast amount of effort to optimize the RIE parameters. Small 

differences in temperature, pressure, and dimensions before or during self-assembly, which 

are inevitable, require new self-assembly conditions, i.e. modified force and time. If new 

assembly conditions, i.e. optimized force and adjusted time, are not instantly applied, the 

new environment will lead to a deficit or surplus in the energy supplied to the structures, 

resulting in the failure of the self-assembly. Thus, in order to apply the right amount of 

force and time under varying environmental conditions to realize 3D metal-based 

nanostructures with nanoscale precision, an in situ monitored self-assembly process, which 

enables real-time observation of the self-assembly process,  is required. 

 

3.2 Self-Assembly based on Metal Hinge 

3.2.1  Concept of the In Situ Self-Assembly Process with a FIB 

The concept of the insitu self-assembly process with a focused ion beam (FIB) microscopy 

system is illustrated in Figure 3.1. In the FIB system, the accelerated Ga+ ions can cause 

both the ejection of sputtered particles and Ga+ ion implantation in the target sample 

(Figure 3.1a) [126]. As a result of sputtering, the oxide layer causing a high melting point 
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is removed, exposing pure Sn material under the ion stream. During ion implantation, the 

kinetic energy of the ion stream can be transferred into thermal energy through collision 

into the thin film [112, 113]. The temperature of the hinge material exposed under the ion 

stream reaches several hundred degrees Celsius [112, 113]. Such high temperature easily 

melts hinge and triggers metal reflow (Figure 3.1b-d).  As a result of metal reflow, surface 

tension force is generated in the Sn thin film (Figure 3.1e-g), inducing a self-assembly 

process transforming 2D nets into 3D structures (Figure 3.1h-j). The metal reflow induced 

by the kinetic energy of the Ga+ ions was clearly observed (Figure 3.1b-d) under a SEM. 

Before Ga+ ion implantation, the Sn thin film shows grainy morphology due to the 

intermediate wetting tendency of Sn on Si (Figure 3.1b). However, after being treated by 

Ga+ ions, the Sn grains melt and merge into nearby grains because of the heat transformed 

from the kinetic energy of the ions (Figure 3.1c, d). The kinetic energy of the ion stream, 

supplying energy for self-assembly, can be precisely controlled by adjusting the 

accelerating voltage, beam current, and irradiation time during the assembly process. By 

forming a Sn hinge between two planar panels, the force can be used for assembling the 

planar structures (2D nets) into 3D structures (Figure 3.1h-j). The grainy Sn film acting as 

the hinge material triggers folding performance rather than bending, which provides better 

control over the shapes formed. During the self-assembly process, in the FIB microscopy 

system, the secondary electrons and ions sputtered from the sample can be detected and 

used to generate real time images of the target sample [126], which makes in situ 

monitoring of the process possible. Though Ga implantation in the self-assembly process 

affects the performance of electronic or optical devices, it is possible to make a protection 

layer on the area that is sensitive to Ga implantation. As long as the thickness of the 
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protection layer is thicker than the ion implantation range, the Ga+ ions will only be 

implanted in the protection layer and not cause damage to the electrical or optical devices 

defined under the protection layer. Also, the patterning properties of the FIB can be used 

to reduce the effect of Ga implantation. In the FIB system, the size, shape, and location of 

the ion projection area can be designed to only allow the hinge area to be exposed to the 

gallium ions rather than the whole sample. These two methods can greatly reduce the Ga 

implantation into the device and maintain the desired electronic or optical performance. 
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Figure 3.1 Conceptual schematics and SEM images showing the in situ self-assembly of 

3D nanostructures by FIB. a) The instrument setup for an in situ self-assembly process. b-

d) SEM images of the grain coalescence b) before and after ion irradiation for c) 10 and d) 

20 sec. e-j) Sketches showing the origin of the extrinsic stress and surface tension observed 

within the Sn film that causes Ni to fold-up into 3D structures [111]. 
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3.2.2 Fabrication of 2D Sample 

To fabricate 3D polyhedral nanostructures, 2D nets, containing five square 

nanoscale panels patterned with the letters “UMN,” were first defined on a Si wafer by an 

electron beam lithography (EBL) system. Nickel was used as the panel material due to its 

intermediate wetting property with Sn. The width and thickness of the panels were 500 nm 

and 30 nm respectively. The gaps between the panels were each 50 nm. A 35 nm thick Sn 

hinge was deposited over each gap by the EBL process to connect the panels. After the 

fabrication of the 2D nets, reactive ion etching (RIE, STS 320) with CF4/O2 was used to 

remove the Si underneath the structures. The gas flow rates of CF4 and O2 were kept at 40 

sccm and 9 sccm, respectively. The chamber pressure was maintained at 100 mtoor during 

reaction. The RIE time was controlled to release the surrounding four panels from the Si 

substrate while keeping the central panel connected to the substrate. To minimize the effect 

of ion bombardment during the RIE process, a low power of 20W was used. The sample 

was placed facing the bottom of the RIE chamber, which significantly reduces the chances 

of the ions hitting the 2D nets, leading to flat, free-standing 2D nets, with the exception of 

the central panel of each net which was still supported by the substrate material.  

3.2.3 Real-Time Monitored Assembly Process in FIB 

After releasing the surrounding panels from the Si substrate (Figure 3.2a), a FIB 

system was used for the in situ self-assembly of 3D nanostructures. Once the Ga+ ions 

were applied to the sample, the temperature rose and melted the Sn hinges. Surface tension 

forces generated by the metal reflow lifted up and rotated each panel out of plane.  Though 
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FIB is a line-of-site process, leading to a limited 3D structure, this problem could be 

partially solved by applying the incident beam with multiple angles. By tilting and rotating  

Figure 3.2 a-d) The real-time images of self-assembly captured by FIB a) at 0, b) 150, c) 

250, and d) 600 seconds. e) SEM images of the large scale array of completed 3D cubic 

nanostructures with 35 nm Sn hinges. A “UMN” pattern is defined on each panel of the 

cubic structures. FIB enables real-time monitoring of self-assembly. The in situ self-

assembly process can achieve the fabrication of a large scale array of 3D nanostructures 

with a yield of almost 100% [111]. 

 

a sample holder, various incident beam angles can be applied to the samples, reducing the 

shadow regions formed by the line-of-site process. Since the voltage and current of the Ga+ 

ion beam, which determine the ion projection power, can be precisely adjusted according 

to the real-time monitored status of the assembly process, it is easy to control the folding 

angle of the panels (Figure 3.2 a-d); therefore, various folding angles can be achieved. Also, 

the location of assembly is easily selectable by focusing the ion beam on a specific area of 

the sample. In addition, the magnification of the FIB can be easily tuned by zooming in 
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and out. The maximum and minimum possible assembly areas depend on the capabilities 

of a given FIB system. With high magnification, the FIB system (FEI Quanta 200 3D) used 

for this work enables the assembly of nanostructures defined on an area of sub-100 × 100 

nm2 size. Low magnification makes it possible for assembly over a large area. Because of 

the advantages of the in situ assembly process by FIB, a large-scale 3D nanostructure array 

was made with a high yield of almost 100% (Figure 3.2e).  

3.2.4 Investigation of the Driving Force for Self-Assembly 

A better understanding of the mechanism for triggering assembly by ion irradiation is 

required to achieve precise control of the self-assembly process and build diverse 3D 

nanostructures. Therefore, the mechanism of the self-assembly process under ion 

irradiation was systematically explored. It is known that curving nanostructures can be 

realized by applying a thermal gradient [127, 128], volumetric expansion [129], and void-

induced stress generation [130, 131] under ion irradiation. However, all these mechanisms 

are not applicable for the case studied in this paper. A high aspect ratio is required for a 

nanostructure, like nanowire, to generate a thermal gradient inducing volume expansion 

for assembly. In the Sn hinges, there are no significant thermal gradients due to the small 

aspect ratio (height over width) of Sn grains. Also, the sizes of Sn grains showed a linearly 

decreasing trend under ion irradiation (Figure 3.3), meaning the etching performance is the 

dominant factor and the possibility of volumetric expansion is excluded. In order to test 

void-induced stress generation, Ga+ ions with the same ion projection power (20 nW) but 

generated by different voltage and current combinations (3 pA at 10 kV and 1 pA at 30 kV) 

were injected into a 60 nm thick Sn film, and projection ranges of the Ga+ ions were 
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simulated with a simulator (SRIM, v2008-04). The results of the simulation indicate the 

different voltage and current combinations result in different projection ranges (Figure 3.4), 

which should cause different void formation in the material and lead to different folding 

performance. However, the observed self-assembly processes under these two ion 

irradiations (3 pA at 10 kV and 1 pA at 30 kV) showed almost identical folding behavior 

during the overall assembly process from the beginning to when they completely folded up 

to 90° (Figure 3.5a). In addition, great similarity in the folding time (Figure 3.5b), angular 

speed of a folding panel (Figure 3.5c), and overall consumed energy (Figure 3.5d) for 

folding up to 90° was observed in the samples under these two irradiation conditions. This 

 

Figure 3.3 a) The measurement of Sn grain size before and after Ga+ irradiation. SEM 

images of the Sn grains captured b) before after irradiation at c) 10 and d) 20 seconds [111].  
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Figure 3.4. The simulation of implantation ranges of Ga+ ions into Sn hinge materials. a) 

The gallium ions with energy of 10 keV have an implantation range of about 20 nm and 

most of the kinetic energy of the ions are transferred within this range. b) The gallium ions 

with a higher energy of 30 keV result in a higher implantation range of 30 nm and the 

energy is transferred into the deeper areas of the Sn hinge [111]. 

 

adequately justifies the mechanism of the self-assembly process as being induced by the 

metal reflow described in this paper. The similarity in self-assembly under the two different 

combinations of voltage and current is due to the same power of the ion bombardment. 

Even though Ga+ ions with 30 keV have a larger projection range than Ga+ ions with 10 

keV, the projection ranges of most ions are smaller than 35 nm (the thickness of the Sn 

hinge materials) as shown in Figure 3.4 in supporting information. Therefore, the two Ga+ 

ion streams with the same amount of kinetic energy (ion projection power) contribute the 

same amount of heat energy, inducing metal reflow while the Ga+ ions are embedding in 

the Sn film. The molten Sn hinges generate surface tension force for self-assembly, 
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resulting in the transformation of the 2D nets into 3D nanostructures (Figure 3.1e-g). It is 

also observed that ion irradiation with higher ion projection power results in a shorter time 

required for assembly to a 90o folding angle (Figure 3.5b), which results from a higher 

angular speed (Figure 3.5c). The difference in folding time and angular speed are caused 

by the fact that a sample under an ion stream with low projection power requires a longer 

time to reach the energy required to induce metal reflow than a sample under an ion stream 

with high projection power. As shown in Figure 3.5b, the time for assembly to a 90o folding 

angle is 600sec under the ion stream with 30 nW of power, which is much longer than 

25sec, i.e. the time required for samples under the ion stream with high projection power 

(900 nW). To further analyze the process, the total ion energy required for a folding angle 

of 90° was obtained from the measurement shown in Figure 3.5a. As shown in Figure 3.5d, 

although the ion projection power varies from 30 nW to 900 nW (3000% change), the 

variation in the ion energy required for completed self-assembly is only ± 25% (Figure 

3.5d), which  is the expected result as addressed earlier. The slightly difference of the total 

required ion energy could be caused by energy loss via sputtering,, as well as variation of 

the structures’ dimensions, such as Sn hinge thickness, induced in the fabrication processes.   
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Figure 3.5 Various measurements showing the effect of current, voltage, and ion projection 

power on self-assembly. a) The folding angles of the nanostructure under ion irradiation 

with different current and voltage combinations. Same power but different current and 

voltage combinations result in the similar folding performance. b) c) The effect of power 

on b) folding time and c) angular speed. Ion irradiation with higher power requires a shorter 

folding time, resulting in higher angular speed. d) The total energy required for self-

assembly with respect to the ion projection power varied from 30 to 900 nW. [111]  

 

3.2.5 Effect of Hinge Thickness on Self-Assembly 

To achieve further control of the self-assembly process, the effect of Sn hinge 

thickness on the self-assembly process was investigated (Figure  3.6). Sn hinges with 
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different thicknesses of 25, 35, and 45 nm were applied for the self-assembly of 500 nm 

sized cubic structures. Even though the largest projection range of Ga+ ions with 30keV is 

larger than 25 nm, most ions stop within 25 nm. Therefore, most of the kinetic energy is 

converted into heat energy and is transferred into the Sn hinge. As shown in the in situ 

secondary ion beam microscopy images (Figure 3.6), a different folding time, meaning 

different energy, is required for a different hinge thickness to completely self-assemble 

with 90° folding angles. The different behaviors of the self-assembly process with respect 

to the 25, 35, and 45 nm Sn thicknesses were characterized and quantized (Figure  3.7). As 

shown in Figure 3.6,  the thicker Sn hinges require a longer time than thinner hinges for 

self-assembly to fold up to the same angle (Figure 3.7a) because more energy should be 

applied to Sn hinges of greater mass in order to induce metal reflow.  This result means 

that different folding angles could be achieved on a nanostructure under a one-time ion 

irradiation by designing hinges with different thicknesses. This makes it possible to 

fabricate 3D nanostructures with desired asymmetric parts, which can be used for 

developing applications in more advanced areas. In addition, the energy required for the 

structures to fold up from 30° to 60° is much less than that required to fold the structures 

from 60° to 90° (Figure 3.7b), leading to a decreasing trend in the angular speeds of each 

panel as the folding angle on the same sample increases (Figure 3.7c). This is due to the 

exposed area decreasing with a higher folding angle. With less of the Sn hinge being 
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exposed to ion irradiation, the energy transferred from ions to the hinge decreases, which 

causes the lower angular speed at higher folding angles. 

Figure 3.6 The effect of Sn hinge thickness on self-assembly process. The real-time ion 

beam microscopy images of samples with hinge of a-d) 25 nm, e-h) 35 nm, and i-l) 45 nm 

were captured after 5, 20, 30, and 90 seconds. The self-assembled process results in a 500 

nm sized five-faced hollow cubic structure and the yield of the assembly is nearly 100 %.  

[111] 

3.2.6 Modelling of the Self-Assembly Process 

In order to achieve a better understanding of the self-folding process, a numerical 

modeling analysis was developed. During the self-assembly process, various forces, such 

as gravity, surface tension, and van der Waals forces, are applied on the nanostructures and 

need to be taken into consideration. Here, we use energy to show the combined effects of 
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all the applied forces rather than analyzing their effect separately. In the model, it is set that 

the same amount of energy, 𝛥E, is required for a hinge with unit mass, dm, to fold up to 

unit angle, dθ. The mass of the hinge is ρ· Ah·L, where ρ is the density of the hinge material, 

Ah is the area of the hinge, and L is the thickness of the hinge.   Therefore, the total energy, 

Etot, required for a hinge with mass m to fold up to a unit angle is  𝛥E· ρ· Ah· L· dθ (Eq. 3.1). 

The energy (Etot) is provided by the ion irradiation with ion projection power P in a unit 

time, dt. However, only the energy projected on the hinge area, Ah·cosθ where θ is the 

folding angle, contributes to the folding performance, rather than the ions projected on the 

whole working area Aw. Thus, the total energy, Etot, transferred to the hinge material in unit 

time is 
𝑘∗𝑃∗𝑑𝑡∗𝐴ℎ∗𝑐𝑜𝑠 (𝜃)

𝐴𝑤
, where the constant k indicates the energy loss in the process (Eq. 

1). By integrating time and angle during the whole process, a relationship between folding 

angle (θ) and time (t) can be achieved as shown in Eq.3.2. This equation describes the 

folding performance of the polyhedral nanostructures with respect to hinge thickness (L), 

and the modeling results from the equation show a very good agreement with experiment 

data (Figure 3.7a). Based on the modeling results shown in Fig. 4m, the required energy 

(Figure 3.7b) and the angular speed (Figure 3.7v) of each panel with different Sn hinge 

thicknesses were modeled as well. As shown in Figure 3.7, the model shows the same trend 

as the real folding process, which obviously supports the mechanism that the ion energy 

inducing heat energy is the key factor resulting in a self-assembly process in a focused ion 

beam microscopy system.  

   Etot =  𝛥E · ρ· Ah · L · dθ=
k·P·𝑑t·𝐴ℎ·cos (𝜃)

𝐴𝑤
                                          (3.1) 

    t=
𝐴𝑤·𝛥E·𝜌·𝐿 

P·k
log(tan(θ) +

1

cos(θ)
)                                         (3.2) 
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Figure 3.7 Analysis of the self-assembly process with different hinge thickness using 

measured and modelled data. a) The folding angles, b) applied energy, and c) angular 

speeds of each panel with different hinge thickness were measured and modeled. b) The 

energy and c) angular speed of the panels from beginning to 30°, 60°, and 90° folding 

angles are plotted based on the experimental and modeling results. [111] 

 

3.2.7 Quick Summary 

In Section 3.2, I introduced a precisely controllable in situ self-assembly technology using 

FIB, which can assemble 2D Sn hinged networks up into 3D nanostructures. The FIB is 

able to supply precisely controlled energy for triggering self-assembly as well as 

simultaneously offer visualization that can monitor the status of the nanoscale 3D self-

assembly process. By monitoring the status of the self-assembly, the process time, along 

with the energy generated from the ion beam that feeds the self-assembly, can be 

dynamically controlled, which could significantly enhance the yield of the assembly 

process. With the help of the in situ self-assembly, a large-scale array (15 x 15 μm2) of 500 
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nm sized 3D cubic structures was achieved with a yield of almost 100% with sub-10 nm 

scale precision.  

 

3.3 Self-Assembly Using Polymer Hinges 

3.3.1 Limitation of Metal Hinges 

The aforementioned in situ monitored assembly demonstrates fabrication of 3D 

nanostructures with high yield, which significant push the limit of current techniques. 

However, it still remains challenging to explore the advance electronic or optical function 

of 3D nanostructures due to the disturbance induced by Sn hinge.  For example, in the 3D 

micro-cube with resonator pattern, the metal hinge will also response to the 

electromagnetic wave and has it own resonance, which will couple with the resonators and 

disturb the resonant behavior of the entire devices [132]. Therefore, an alternative material, 

which does not disturb the performance of the devices, is required to be used as hinge. 

Polymer material stands out as a promising candidate due to its insulating properties and 

inert response to a wide frequency range of light [133].  

3.3.2 Introduction to Polymer Reflow 

Thermal reflow of polymers is a well-established process in microfabrication, 

which involves state change and mass transport [134-139]. Once the polymers are heated 

to their glass transition temperature, they experience a reduction in viscosity and an 

enhancement in fluidity, causing their structure to reshape to a state with minimum surface 

energy [140]. Even though thermal reflow can also be achieved in metals, normally metals 



50 
 

require more thermal energy, due to their higher melting point compared to polymers’ glass 

transition temperature. In addition, oxide layers are easily formed on the surfaces of metal 

structures, which further increases the input energy needed to induce metal reflow, making 

it difficult to estimate the total thermal energy required for the process. Moreover, 

compared to metals, polymers exhibit numerous advantages in electronic and optical 

applications because of their insulating properties and inert response over a wide frequency 

range of electromagnetic waves [133], thereby causing less interference in the intended 

optical and electronic behaviors [132]. Due to these advantages, thermal reflow of 

polymers has been utilized for building diverse microstructures such as spherical or 

cylindrical optical lenses [136-139], optical ring resonators [134], and fluidic channels 

[135]. However, there is a substantial challenge in precisely controlling the extent of 

polymer reflow and achieving localized reflow, especially at nanoscale, using currently 

available heat sources such as hotplates [134-137], microwaves [141], and hot liquid baths 

[142], which supply thermal energy to the entire substrate (sample).  Since the mass and 

volume of the substrate are usually much greater than that of the polymer-based 

nanostructure, the thermal energy stored in the substrate is much higher than the energy 

required for triggering nanoscale polymer reflow. As a result, it is difficult to achieve 

desired nanoscale polymer reflow by tuning the parameters of these macroscale heat 

sources, such as heating time, power, and temperature. Furthermore, the macroscale global 

heat sources apply the same amount of thermal energy to all the structures defined on the 

substrate rather than a specific amount of energy to desired locations. This results in 

uniform extents of polymer reflow, instead of diverse extents of reflow throughout the 

substrate according to different requirements. Moreover, the globally supplied thermal 
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energy can damage heat sensitive materials in the devices, leading to device failures, such 

as cracks in thin films induced by thermal expansion [143], and temperature denaturation 

or degradation of immobilized bio-components [144]. These limitations of macroscale 

global heat sources bring critical difficulties in utilizing diverse functions realized by 

precisely controlled, localized polymer reflow. In order to overcome the present challenges, 

localized rapid heating processes which can induce exact desired amounts of thermal 

energy in specific areas and locations with nanoscale precision are required.  

3.3.3 The Concept of FIB Triggered Polymer Reflow 

The concept behind polymer reflow is illustrated in Figure 3.8. In the FIB system (FEI 

Quanta 200 3D), liquid gallium (Ga) is in contact with a tungsten (W) needle, which wets 

the W tip and works as an ion source. Once a high extraction electric field is applied, Ga 

ions are emitted away from the tip due to the field ionization and post-ionization [126]. 

Because of the electric field in the FIB column, the emitted ions can be accelerated to a 

high kinetic energy and focused on polymer nanopillars consisting of PMMA defined on a 

Si substrate (N-type with phosphorous dopant, thickness of 525 ± 25 µm, and resistivity of 

560 – 840 Ω·cm). The irradiated ions are bombarded onto the polymer nanopillars, 

imbedding into the polymer (Figure 3.8a). As a result of ion implantation, the kinetic 

energy of the ions is transformed into thermal energy and increases the temperature of the 

polymer (Figure 3.8a). With the accumulation of thermal energy, the temperature of the 

polymer exceeds its glass transition temperature and changes the phase of the polymer from 

solid to liquid, triggering a reflow process to minimize the surface area (Figure 3.8b-g). 
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Figure 3.8 a) Conceptual schematics of localized heat generation and polymer reflow 

triggered in a focused ion beam (FIB) system. Once the Ga ions irradiate the surface of the 

polymer, kinetic energy is transformed into heat energy. b-d) schematics and e-g) SEM 

images showing the process of polymer (PMMA) reflow due to implantation of the Ga ions. 

The heat generated in PMMA melts the material and triggers reflow of the polymer. During 

this process, the square pillars with sharp boundaries become rounded to minimize the 

surface energy. [145] 
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Figure 3.9 The measurement and simulation of contact angles with different ion irradiation 

parameters. a) The change in contact angle of a single PMMA pillar (500 nm × 500 nm × 

300 nm) under ion irradiation at 30 kV and 26 pA for 0, 6, 12, and 24 nanosec/nm3. The 

bottom insets show the cross-sectional view of the PMMA pillar at the data points. The 

upper insets show the simulation results for PMMA pillar before and after ion irradiation. 

b) The relationship between polymer reflow and ion irradiation power with a constant 

voltage (30 kV) and varying energy density (A-C: 9.5 fJ/nm3; D-F: 19 fJ/nm3), which 

shows that energy is the key factor in determining polymer reflow. The insets show the 

cross-sectional view of the PMMA pillar at the data points. [145] 

 

To further understand the ion-polymer interaction, 500 nm × 500 nm × 300 nm 

PMMA nanopillars were formed on top of a Si wafer by an electron beam lithography 

(EBL) process (Figure 3.9). After applying ion irradiations with 30 kV bias voltages, 26 

pA beam currents, and different irradiation times (0, 6, 12, and 24 nanosec/nm3), the side 

views of the polymer nanopillars were captured for quantified characterization of contact 

angles. Because of the tilt angle limitations in scanning electron microscopes (SEM), the 

side images were captured at 60° tilt angle. Therefore, post data analysis, as described  
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Figure 3.10, Illustration showing the measurement method of the contact angle. a) an 

outline for the angle is drawn based on the rare end of the pillar in the image capture with 

a 60° tilted angle. b) The height value was corrected based on the imaging setup. [145] 

 

Figure 3.10, was required to get the contact angle. The contact angle decreases from 87° to 

56° (Figure 3.9a), which shows the effect of irradiation time (energy) on the polymer reflow 

process. In addition, the contact angles of the reflowed nanopillars are similar to the results 

of the reflow process modeled by SurfaceEvolver (Version 2.70) (Figure 3.9a), which 

confirms the change in shape is mainly due to the reflow process. In order to investigate 

morphology changes in the nanopillars with respect to the irradiation power, ion streams 

with a 30 kV bias voltage and different currents (26, 41, and 90 pA), resulting in different 

irradiation power (780, 1230, and 2700 nW), were applied to the polymer nanopillars. For 

these tests, the irradiation times were tuned accordingly to maintain the same total ion 

energy dose (9.5 fJ/nm3 or 19 fJ/nm3 depending on the trial set) (Figure 3.9b). As shown 

in Figure 3.9b, similar reflow behaviors were observed based on the morphology of PMMA 

nanopillars under different powers of the incident ion beam. This result indicates the input 
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energy from the ion irradiation is much more significant than the heat dissipated from the 

nanopillars into the substrate and surrounding ambient environment. The heat dissipation  

 

 

Figure 3.11. Qualitative plot of the heat dissipation power under ion irradiation of constant 

total energy but different powers. The enclosed areas are the total dissipation energies, 

which shows different input powers result in different total heat dissipation. [145] 

 

power (PD) is directly proportional to the ion irradiation power (PI) based on an equation 

(3.5) derived in Section 3.3.4. When the irradiation power (PI) increases with fixed 

irradiation energy input, the dissipation power (PD) increases to a final constant value 

(proportional to the constant input energy from ion irradiation) at a higher rate, i.e. a shorter 

treatment time. Because of the same final constant value of dissipation power, shorter 
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treatment times are required at higher PI; thus, the total energy dissipation (the enclosed 

area in Figure 3.11) decreases proportionally according to the increase of irradiation power. 

However, the fourfold difference in applied power for the control experiment (Figure 3.9b), 

leading to a fourfold difference in heat energy dissipation (Figure 3.11), is not sufficient to 

cause major changes in the morphology of the nanopillars.  

3.3.4 Heat Dissipation Analysis 

During the localized heating process under ion irradiation, heat dissipation is an inevitable 

process. The heat dissipation power (PD) is determined by the temperature difference (ΔT) 

between the polymer nanopillar and substrate (TP-TS) and the thermal resistance θ, as 

shown in Equation (3.3).  

                                       PD =  
𝑇𝑃−𝑇𝑆

𝜃
                                                       (3.3) 

The thermal resistance is a constant value for this system with unit of °C/W. In this system, 

the input heat (Q) is mainly from ion irradiation, which is expressed as PI  · t, where PI is 

the input power from ion irradiation and t is the irradiation time. Thus, the basic heat 

equation, 𝑄 = 𝑐 · 𝑚 · 𝛥𝑇, is rewritten as equation (3.4).  

                                                        Tp - TS =  
𝑃𝐼·𝑡

𝑐·𝑚
                                           (3.4) 

In this equation, c is the specific heat capacity of polmer with unit of J/g°C and m is the 

mass of the nanopillars with unit of g. Both of these two factors (c and m) are constant in 

this system. Then, from the (1) and (2), the power dissipation is expressed as equation (3.5), 

which is determined by the input power and time. 

                                                         PD =  
𝑃𝐼·𝑡

𝜃·𝑐·𝑚
                                             (3.5) 

https://en.wikipedia.org/wiki/%CE%94T


57 
 

As we applied different irradiation powers but the same total irradiation energy in the 

experiment shown in Figure 3.9b, the power dissipation in each case has different 

increasing rate but ends up with the constant final value. The relationship between heat 

dissipation power and irradiation time is qualitatively plotted in Figure 3.11. The enclosed 

area shown in Figure 3.11 is the total energy dissipation, which shows that variation in 

input power results in different total heat energy dissipation.  

3.3.5 Thermal Reflow vs. Etching  

In FIB systems, the irradiated ions bombarding the targeted material (polymer) 

cause reflow as well as inevitable etching of the material, resulting in a change to its 

morphology. The reflow is a thermal response to the ion induced localized heating while 

the etching is caused by the direct sputtering of PMMA chain fragment by the ion 

bombardment [146, 147]. To further understand the mechanism of the change in polymer 

morphology under ion irradiation, it is necessary to clarify the role of reflow and etching 

(sputtering). An array of smaller PMMA nanopillars (200 nm × 200 nm × 300 nm) was 

patterned and irradiated under an ion stream of 30 kV and 26 pA (Figure 3.12). Once the 

ion stream was applied to the nanopillars with a low energy density of 0.78 fJ/nm3 (1.5 

nanosec/nm3), the kinetic energy was transformed into heat energy thereby raising the 

temperature of the polymer pillar above its glass transition temperature, which caused the 

sharp nanopillar edges (Figure 3.12a to become rounded (Figure 3.12b). Further irradiation 

(7.8 fJ/nm3, 15 nanosec/nm3) led to a higher level of reflow (Figure 3.12c). Due to the 

higher aspect ratio (height over width, r=1.5) (Figure 3.12) of these nanopillars versus that 

of the larger pillars (500 nm × 500 nm × 300 nm, r = 0.6) (Figure 3.9), the nanopillars 
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could not sustain their initial square shapes. The material started to flow away from the 

pillars and became a half hemisphere with larger base area (Figure 3.12c, d). Even though  

 

Figure 3.12 SEM images showing the change in shape in an array of PMMA pillars (200 

nm × 200 nm × 300 nm) with 100 nm gaps under an ion irradiation of 30 kV and 26 pA. 

The shape transfromation demonstrate that both the reflow and etching process exist under 

ion irradiation. The scale bar is 200 nm. [145] 

 

both reflow and sputtering existed during this process, the expansion of the pillar base areas 

could only be achieved by polymer reflow, which demonstrates reflow to be the dominant 

factor determining morphology during this period. When the pillars were completely 

reflowed and merged into one unit, becoming a thinner continuous layer (Figure 3.12d), 

application of a greater ion energy dose (> 31.2 fJ/nm3) resulted in sputtering becoming 

the dominant effect influencing the morphology (Figure 3.12e).  Further increasing the ion 

energy dose caused all the targeted polymer materials to be etched away (Figure 3.12f).  
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3.3.6 Localized Heating in FIB 

Heat transfer under ion irradiation is a key component that needs to be characterized 

during this heating process, which is of great importance for evaluating the properties of 

localized heating and further achieving localized polymer reflow. First, polymer nanopillar 

(700 nm × 700 nm × 300 nm) arrays with different densities, 0.35 pillars/µm2 (surface 

coverage: 17.3%) (Figure 3.13a, b) and 1.58 pillars/µm2 (surface coverage: 77.5%) (Figure 

3.13c, d), were defined on Si substrates. The samples, including both nanopillars and 

substrates, were exposed to ion irradiation with the same energy (3×10-5 J) and exposed 

area (15 µm × 15 µm). Even though the polymer nanopillar arrays had around a fivefold 

difference in density, similar reflow performances were observed after ion irradiation 

(Figure 3.13b, d), which showed the thermal energy induced to the pillars was the main 

heat source for polymer reflow rather than the heat transferred from the surrounding Si 

substrate, implying the material reflow is a consequence of localized heating of the 

polymers exposed to the ions. The reason behind the localized heating is the heat generated 

inside the polymer nanopillars is mostly absorbed by the polymer material, indicated by 

H1 in Figure 3.14, contributing to polymer reflow. Only a small portion of the heat is 

dissipated to the substrate as indicated by H2 in Figure 3.14. In contrast, the heat generated 

near the surface of the surrounding Si substrate is mostly dissipated into the thick Si 

substrate, indicated by H3 in Figure 3.14, instead of transferring to the polymer pillars. 

This is because the temperature of the substrate is maintained constant at room temperature 

which is muchlower than the temperature of the nanopillars under ion irradiation. Therefore, 

the heat transferred from the surrounding substrate, indicated by H4 in Figure 3.14, can be 
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Figure 3.13 Analysis of the effect of heat transfer in the ion triggered polymer reflow 

process. a-d) The relationship between the heat transfer from the substrate and polymer 

reflow. a-b) shows the low density polymer pillar arrays a) before, and b) after ion 

irradiation.  c-d) shows the high density polymer pillar arrays c) before, and d) after ion 

irradiation. Similar reflow levels are observed for the PMMA pillar arrays with different 

densities, which shows  the heat transferred from the substrate is not a dominant factor. e-

h) Characterization of the heat transfer distance. 1.5 µm × 1.5 µm PMMA pillar arrays are 

irradiated by an ion stream at 30 kV and 26 pA for e) 0 sec, f) 1 sec, g) 5 sec, and h) 10 sec. 

Even though significant polymer reflows are achieved under ion irradiation, only slight 

reflow performances can be observed on the surrounding unexposed pillars within 

nanometer scale distances, showing highly localized heating. i) With a reduced exposed 

area of 0.5 µm × 0.5 µm, single polymer pillar reflow is achieved under ion irradiation with 

30 kV and 26 pA for 1 sec. [145] 
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 Figure 3.14. Conceptual schematic showing the heat generation, heat transfer, and heat 

dissipation in the PMMA nanopillars and Si substrate under ion irradiation. Once heat is 

generated in the PMMA pillars, most of the energy is absorbed by the polymer pillar (H1) 

with minor dissipation to the Si substrate (H2). For the heat generated in the Si substrate, 

most of the energy is dissipated to other areas of the Si (H3) with a small portion delivered 

to the polymer pillars (H4). [145] 

 

ignored compared to the heat generated inside the polymer nanopillars (H1). To further 

analyze the heat transfer performance under ion irradiation and demonstrate localized 

heating, densely packed polymer pillar arrays were selectively irradiated with three 

different total irradiation energies (Figure 3.13e-h). The exposed area was defined to be a 

1.5 µm × 1.5 µm square using the patterning function in the FIB system. The morphology 

of the surrounding unexposed pillars was used to investigate the effect of heat transfer on 

polymer reflow. When a minor reflow was triggered with an ion energy dose of 1.15 fJ/nm3 

in the irradiated region as indicated by a dashed box in Figure 3.13f, insignificant 

morphology changes were observed in unexposed pillars within tens of nanometers from 
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the exposed region. Even when significant polymer reflow was triggered with an irradiation 

energy dose of 11.5 fJ/nm3, which is ten times higher than the case shown in Figure 3.13f, 

the transferred heat energy induces polymer reflow only within a few hundreds of 

nanometers (Figure 3.13h) outside the exposed region. Ion irradiation with a smaller 

exposed area (500 nm × 500 nm) was also tested, which confirmed the localized heating 

of the polymer pillars. With the smaller exposed area, the polymer reflow behavior is 

confined to a single polymer pillar (Figure 3i), confirming the highly localized heating 

under ion irradiation. 

3.3.7 Localized Polymer Reflow 

The localized heating behavior of ion irradiation further enables the possibility to 

accurately deliver required heat energy to specific targets, achieving nanoscale localized 

polymer reflow. By tuning the ion irradiation energy and exposed location/area, diverse 

extents of polymer reflow of discrete and continuous designed patterns can be achieved. 

To demonstrate this ability, 300 nm thick PMMA nanostructures with different shapes such 

as square pillars, triangular pillars, ribbons, and rings were formed on top of a Si substrate 

using an EBL process (Figure 3.15). By controlling the exposed location/area, organized 

reflow patterns showing a periodic pattern (Figure 3.15a) and a non-periodic reflow 

forming a “UMN” pattern (Figure 3.15b) were realized on an array of discrete PMMA 

pillars. Because of the advantages of localized heating, morphologies representing reflow 

and no reflow could be achieved next to each other on a single substrate. Further control 

over the localized polymer reflow was investigated by varying the irradiation energy. A set 

of ion irradiations with energy densities of 0, 3.17, 6.34, and 9.5 fJ/nm3 were applied to the 
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square pillars and different morphologies were observed in the pillars based on the incident 

energy density (Figure 3.15c). The sputtering under the low energy ion irradiation was not 

intense; thus, the polymer pillars remained similar in volume. Another set of ion 

irradiations with higher energies of 0, 4.7, 9.5, and 19 fJ/nm3 were applied to the triangular 

pillars, resulting in more obvious differences in the polymer reflow (Figure 3.15d, e). Also, 

extreme sputtering was triggered under ion irradiation due to higher energy density, 

resulting in reduction in the volume of pillars. In both the cases, significantly different 

levels of reflow were realized among neighboring discrete pillars by tuning the applied ion 

irradiation energy, achieving multi-level reflow performance within a micro- or nanoscale 

area. In addition, due to the significantly localized heating behavior, multi-level localized 

polymer reflow could be achieved not only in discrete pillars (Figure 3.15c-e) but also in 

continuous structures (Figure 3.15f-h). To demonstrate this, nanoribbon and nanoring 

structures were partially exposed to ion irradiation with different energies (0Er, 1Er, and 

2Er for ribbon and 0Ering, 1Ering, and 2Ering for ring) (Figure 3.15f-h). An obvious phase 

boundary between reflowed and non-reflowed polymer existed, showing a different degree 

of reflow was observed at the interface of exposed and unexposed areas, which clearly 

showed localized polymer reflow even in a continuous structure. After ion irradiation, a 

volume reduction was also observed in the polymer structures inevitably caused by the 

sputtering process. However, as we discussed earlier, the change in shape, such as rounded 

edges, is mainly induced by polymer reflow rather than sputtering. 
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Figure 3.15 SEM images showing the localized polymer reflow achieved by the patterning 

function of a FIB system. Ordered reflow with the a) periodic pattern and b) “UMN” pattern 

is realized on an array of PMMA pillars. c-e) By controlling the irradiation energy, 

different reflow degrees can be defined in a densely patterned array. c) Lower and d) higher 

energy density are applied to the square, and triangular pillars, respectively. e) Zoomed-in 

image of the completely reflowed triangle pillars shown in d). f-h) The localized reflow 

process is also demonstrated in continuous structures such as PMMA f) ribbons and g) 

rings. The clear boundary between the exposed and unexposed regions confirms the ability 

to achieve localized heating. h) Zoomed-in image of the boundary achieved in the ring 

structure shown in g). [145] 
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3.3.8 Self-Assembly of 3D Nanostructure with Polymer Hinge 

Besides the morphology of the polymer structures, surface energy also changes 

during the polymer reflow process, generating a surface tension force. This force is 

sufficient to lift nanoscale structures out of plane and achieve 3D self-assembly. 3D 

nanoscale cubic resonators were fabricated (Figure 3.16) to demonstrate this mechanism. 

The detailed fabrication process for the 2D nets (Figure 3.16a) is shown in Figure 3.17. 

Then, ion irradiation in the FIB microscope was used to trigger the self-assembly for 3D 

structures from the 2D nets (Figure 3.16a-c). When the hinge was exposed to ion irradiation 

(Figure 3.16b), the thermal energy transferred from the kinetic energy of the ions raised 

the temperature of the polymer hinges above its glass transition temperature and triggered 

polymer reflow (Figure 3.16d-f) and generated a surface tension force towards the center 

of the polymer hinges. The force folded the surrounding panels out of plane and achieved 

the desired 3D nanostructures (Figure 3.16a-c and g-i). Simultaneously, the scattered ions 

were captured for imaging, which made it possible for real-time monitoring of the status 

of self-assembly (Figure 3.16 g-i). By comparing the SEM images of the 2D panels before 

folding (Figure 3.16j, inset) and the 3D cubic structure after folding (Figure 3.16j), clear 

changes in the morphology of polymer hinges were observed, confirming polymer reflow 

as the mechanism for self-folding. In addition, the ability to perform real-time imaging 

made it possible to tune the irradiation energy and location according to the folding status, 

which leads to a highly controllable assembly process, resulting in an increased assembly 

yield. An array of 500 nm sized cubic SRRs with almost 100% yield were captured using 

a back scattered electron (BSE) microscope (JEOL 6500) (Figure 3.16k). The clear SRR 
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patterns demonstrated the successful protection of the sample during self-assembly (Figure 

3.16). 

Figure 3.16. The self-assembly process for a 3D cubic resonator. a-c) Schematics of the 

self-assembly for a 3D cubic resonator. d-f) The morphology changes in the PMMA hinges 

under Ga ions at 30 kV and 10 pA. g-i) Images captured during the in situ monitored self-

assembly process for 3D nanostructures in the FIB system at irradiation times of g) 0, h) 

50, and i) 200 sec. j) SEM image of a fabricated 3D cubic split-ring resonator (SRR), which 

shows clear evidence of reflowed polymer hinges. The inset is the hinge before reflow. k-

l), BSE image of an array of 3D cubic SRRs, showing successful protection of resonators. 

[145] 
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Figure 3.17 Schematics and SEM images showing the fabrication process for the 2D planar 

resonator structures before self-assembly. a, e), 50 nm Au resonators deposited on a Si 

substrate. b, f), 50 nm Al2O3 panels aligned and deposited on top of the Au resonators. c, 

g), 200 nm PMMA hinges defined between the panels. d, h), Release of the surrounding 

four panels by reactive ion etching. [145] 

 

  

Figure 3.18 Programmable self-assembly by using the patterning function of FIB, a) 

achieving a periodic array of folded and unfolded structure and b) demonstrating different 

folding angle in the nearby structures. [145] 
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3.3.9 Localized Self-Assembly 

The ability of FIB to deliver localized heating can be leveraged for programmable 

self-assembly through the patterning function in the FIB. Only the structures under ion 

irradiation were folded up while the unexposed structures remained their original shape. 

Thus, a periodic array of folded and unfolded 3D cube was obtained via selective ion 

irradiation (Figure 3.18a). A slight folding behavior was also observed for the unexposed 

structure due to inevitable ion exposure during alignment and imaging processes in the FIB 

system. A more advanced system with automatic alignment should be able to avoid this 

problem. Also, by tuning the irradiation energy (E, 2E, 4E, and 8E), different folding angles 

were demonstrated even in those structure with close proximity to each other (Figure 

3.18b). It should be noted that programmable self-assembly process shown in the Figure 

3.18 cannot be realized using traditional heat sources such as a hot plate or light supplying 

uniform heat energy on an entire substrate. Moreover, the real-time images captured during 

self-assembly offer a tool to characterize the folding process. 

3.3.10 Modeling for Self-Assembly based on Polymer Hinge 

The folding process was studied based on the measurement of folding angle versus 

the amount of time the hinges were exposed to Ga ions accelerated with a 30 kV bias 

voltage and a 10 pA beam current. As aforementioned in Section 3.2.6, we developed a 

theory for modeling the ion induced self-assembly using tin (Sn) metal hinges. Here, we 

revised the model to achieve more accurate numerical analysis by considering the hinge as 

two parts: one that is moving with the surrounding panels indicated by A, and another that 

is fixed on the central panel indicated by B in Figure 3.19a. In this model, the combined 
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effect of all the forces applied to the nanostructures, such as gravity, surface tension force, 

and van der Waals force, is shown as energy. The energy for a hinge with unit mass, dm, 

to fold the structure to a unit angle, dθ, is assumed to be a constant value, 𝛥E. Because the 

mass of the hinge is calculated by the multiplication of the hinge density, ρ, and hinge 

volume (Ah · L), where Ah is the area of the footprint of the hinge and L is the hinge thickness, 

the total energy for a hinge to fold the panel to a unit angle is Etot =  𝛥E · ρ· Ah · L · dθ. As 

the ion irradiation is the only energy source for the whole system of self-assembly, the total 

energy required for folding is originally provided by the energy of irradiating ions, P·dt, 

where P is the ion irradiation power and dt is the unit ion irradiation time. However, only 

the ions irradiated onto the hinge area, Ah, contribute towards polymer reflow rather than  

Figure 3.19 Analysis and modelling of the self-assembly process.  a) Changes in the 

exposed hinge area with respect to different folding angles. Once folded greater than 90°, 

the panels will cover the hinges. b) Relationship between the folding angle and irradiation 

time based on measurement and simulation results, which show a strong agreement with 

each other. [145] 
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the overall ion irradiation projected onto the whole working area, Aw. Therefore, a 

coefficient [𝐴ℎ/2 + 𝐴ℎ · cos(𝜃)/2] /𝐴𝑤  should be induced to define the effective ion 

irradiation energy, where 𝐴ℎ/2 is the area of the fixed hinge B in Figure 5o, 𝐴ℎ · cos(𝜃)/2 

is the exposed area of the moving hinge A in Figure 3.19a, and Aw is the overall working 

area irradiated under the ion stream. Also, a coefficient of k should be introduced in the 

equation for consideration of energy loss. Thus, the effective energy provided by ion 

irradiation for folding is 
𝑘·𝑃·𝑑𝑡·𝐴ℎ·[𝑐𝑜𝑠(𝜃)+1]/2

𝐴𝑤
. Based on this, the relationship between input 

energy from ion irradiation and required energy for folding is summarized as equation (3.6). 

By integrating both sides of the equation, the relationship between folding angle, 𝜃, and 

ion irradiation time, t, is achieved as equation (3.7).  

                           Etot =  𝛥E · ρ· Ah · L · dθ=
𝑘·𝑃·𝑑𝑡·𝐴ℎ·[𝑐𝑜𝑠(𝜃)+1]/2

𝐴𝑤
            (θ < 90°)             (3.6) 

                                    t=
2·𝐴𝑤·𝛥𝐸·𝜌·𝐿 

𝑃·𝑘
[

1

𝑠𝑖𝑛(θ)
−

1

𝑡𝑎𝑛(θ)
]              (θ < 90°)                    (3.7) 

Equations (3.6) and (3.7) can only be used to model the folding process for angles smaller 

than 90°. Once the folding angle is more than 90°, the panels begin to cover the hinges and 

obstructing the exposure of the hinges to ion irradiation (Figure 3.19a).  The moving hinge, 

indicated by A in Figure 3.19a, is immediately covered at folding angles greater than 90 

degrees. Because the width of the panels is ten times that of the fixed hinge, indicated by 

B in Figure 3.19a, the fixed hinge B is also fully covered beyond a folding angle of 95°. 

When the hinges are completely covered, further ion irradiation does not induce heat in the 

hinge area, leading to a saturated folding angle (Figure 3.19b). The simulation result is 

plotted and shows the same trend as the measured folding angles (Figure 3.19b), which 
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supports our modeled structure with two hinges and a folding mechanism that only 

considers ions irradiated on the hinges as the energy source of self-folding. In addition, the 

saturation of the folding angle around 90° further demonstrates the localized heat 

generation in the PMMA hinge material rather than heat transfer from the Si substrate 

exposed to the ion beam as shown in Figure 3.15. The relationship between the folding 

behavior and structure design (material properties and structure dimension) modeled in the 

equations can work as a guide to predict the folding process. For example, if two polymers 

with similar properties but different glass transition temperature are used as hinge for 

folding same structures, the one with higher glass transition temperature probably requires 

more energy for folding, which is a larger ΔE. Thus, a longer folding time (t) is required 

for it to folding to the same angle. 

3.3.11 Advantage of Polymer Hinge I: 3D Cubic SRR 

Transforming 2D patterns into 3D nanostructures offers attractive possibilities for 

achieving unique optical and electrical properties, leading to the development of advanced 

plasmonic devices. However, metal hinges used in previous works create substantial 

limitations in the device performance. The conductivity and optical response of metal 

hinges induce a strong disturbance in the designed device functionality, leading to failure 

of the device. Compared to metal hinges, polymer hinges used in 3D nanoscale cubic 

resonators allow the possibility for building an all-dielectric 3D platform. Both the panels 

and hinges shown in Figure 3.16j-l are dielectric material except the split-ring resonators 

(SRRs) defined on each panel, which preserves the optical and electronic properties of the 

resonant structures built on them.  A finite element modeling (FEM) simulation of the  
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Figure 3.20. A finite element modeling (FEM) simulations showing the effect of hinge 

materials on the frequency spectrum of 3D cubic split-ring resonators (SRR). Transmission 

through a 3D resonator with a) no hinges, b) Sn hinges, and c) polymer hinges were 

simulated. [145]. 

 

resonance behavior of the SRRs was conducted through a high-frequency structural 

simulator (HFSS, version 13.0.1) to further develop an understanding of the effect of hinge 

materials. Transmission of THz electromagnetic waves through SRRs defined on a 3D 

nanocube with no hinges (Figure 3.20a), Sn hinges (Figure 3,20b), and polymer hinges 

(Figure 3.20c) was simulated. For cubic SRRs without any hinges, two clear resonance 

peaks with similar amplitude were seen at 42.2 and 62.2 THz (Figure 3.20a), corresponding 

to different 3D SRR resonance modes. Addition of Sn hinges between the panels induces 

coupling between the hinges and SRRs, which alters the characteristics of the original two 

peaks (Figure 3.20b). The amplitude of the first resonant peak was greatly reduced while 

the amplitude of the second peak was increased. In addition, as the Sn hinges experience 

metal reflow during the self-assembly process, it is difficult to control the overall resonance 

behavior of the 3D nanocubic resonator.  As a result, it is not realistic to use metal hinges 
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for practical applications such as sensing. Unlike metal hinges, polymer hinges did not 

induce significant changes in the original resonance behavior of the SRRs (Figure 3.20c). 

The two peaks maintained a nearly constant resonant frequency and amplitude as compared 

to transmission response of SRRs without hinge structures, indicating the successful 

preservation of the optical properties of the device.   

3.3.12 Advantage of Polymer Hinge II: 3D Graphene Plasmonic Cube 

To further explore the advantages of self-assembly of 3D nanostructures triggered 

by polymer reflow, 3D graphene-based nanocubes were fabricated. Graphene has been 

widely investigated due to its advanced thermal, electrical, mechanical, and optical 

properties [148-151]. Recently, three-dimensional graphene-based structures have 

attracted tremendous attention due to their ability to further boost graphene’s properties 

such as enhanced light confinement, magnetoresistance, and long wave propagation [69, 

152, 153]. Various technologies have been developed to fabricate 3D graphene-based 

structures from a 2D planar layer [69, 154-159]. For example, 3D graphene micro-pillars 

and pyramids have been fabricated by directly transferring graphene onto micro-structured 

3D surfaces [154-158]. Also, freestanding graphene-based microstructures have been 

achieved by self-folding via stress induced in a bilayer system or hinge material [69, 159]. 

However, all these graphene-based structures have dimensions in micro-scale and are 

difficult to be scaled down to nanoscale, which limits the advantages of 3D graphene-based 

structures due to the weak interaction between the graphene surfaces. Therefore, in this 

work the nanoscale self-assembly triggered by ion-induced polymer reflow was 

investigated to realize nanoscale 3D graphene-based structures.  



74 
 

3.3.12.1 Fabrication of the 3D Graphene-based Nanocube 

To achieve self-assembly of 3D graphene-based nanocubes, a 2D nets of five face 

graphene-based structure is first fabricated through EBL and a graphene transfer process. 

A 2D net of five 10 nm thick Al2O3 panels was defined on top of a high resistivity Si 

substrate through a same EBL process as described above (Figure 3.21a, e). Each of the 

panels had dimensions of 500 nm × 500 nm and was separated from the central panel by a 

50 nm gap. A single layer of CVD graphene was transferred on top of the Al2O3 panels 

through a wet graphene transfer process. Another layer of 50 nm thick Al2O3 panels, with 

the same dimensions as the first Al2O3 panels, were patterned on top of the graphene layer 

through an EBL process with precise alignment to the bottom Al2O3 layer (Figure 3.21b, 

f ). The thickness of the second layer is designed to surpass the implantation range of the  

Figure 3.21. Schematics and SEM images showing the fabrication process of the 2D planar 

graphene-based nanostructures before self-assembly. a, e), 10 nm Al2O3 panels deposited 

on a Si substrate. b, f) A single layer of graphene is transferred on top of bottom Al2O3 

panels followed by alignment and deposition of 50 nm Al2O3 panels. c, g), 200 nm thick 

PMMA hinges are defined between the panels. d, h), Release of the surrounding four panels 

through reactive ion etching. [145] 
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incident ions in Al2O3, ~ 30 nm for Ga ions with a 30 kV bias voltage (Figure 3.22), to 

protect the graphene from being damaged by the implanted ions. To remove the undesired 

graphene, an oxygen plasma etching process was carried out in a RIE system (Technics 

Micro-RIE Series 800) for 5 seconds with an oxygen (O2) flow rate of 10 sccm, pressure 

of 300 mTorr, and power of 30 W. Next, 200 nm thick PMMA was spun on top of the 2D 

panels. PMMA hinges, with dimensions of 150 nm × 350 nm, were defined through an 

EBL process (Figure 3.21c, g). After patterning the hinges, the sample was treated by 

carbon tetrafluoride/oxygen (CF4 /O2) plasma in a RIE system (STS 320) to remove the Si 

substrate underneath the four surrounding panels (Figure 3.21d,). During the 5-minute 

etching process, the flow rates of CF4 and O2 are kept constant at 12 sccm and 1 sccm,  

Figure 3.22, The implantation range of Ga ions with voltages of a) 10 kV, b) 20 kV, and 

c) 30 kV into PMMA, and the implantation range of Ga ion with voltages of d) 10 kV, e) 

20 kV, and f) 30 kV into Al2O3. [145] 
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respectively, with a pressure of 100 mTorr and a power of 20 W. In order to protect the 

PMMA hinges from being etched away, the sample was placed facing down in the chamber, 

which minimizes etching from ion bombardment. To achieve the self-assembly of 3D 

structures, only the hinges in the sample were exposed to the ion irradiation with 30 kV 

bias voltage and 10 pA through the patterning function of a FIB system (FEI Quanta 200 

3D) (Figure 3.23c, d).   

 

Figure 3.23 The SEM, Raman analysis, and field enhancement simulation of 3D graphene-

based cubic structures. a-d) SEM, and Raman images of the nanocube a-b) before, and after 

c-d) assembly. e) Raman spectrum of the graphene in the nanostructures before, and after 

the ion-induced assembly. f) The effect of the Al2O3 protection layer thickness on the 

quality of graphene after ion irradiation at 30 kV and 3000 X magnification for 1 min in 

the FIB system. 145] 
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3.3.12.2 Protection of Graphene 

A drawback of this process is the Ga ions imbedding into the panels can cause 

damage to the graphene layer. There exists a tremendous challenge in protecting graphene 

from ion irradiation. Even though most of the ions were imbedded in the 50 nm thick Al2O3 

protection layer, a small amount of ion leakage into the graphene caused significant 

disorder [160,161], affecting its electrical and optical properties. To solve this problem, the 

programmable patterning function of the FIB system was used, which irradiates only the 

desired areas rather than the whole sample. Therefore, it was possible to expose only the 

hinge areas without any damage to the graphene panel under an ion stream for triggering 

polymer reflow. Through the programmable patterning function, the 2D panels (Figure 

3.23a, b) were successfully folded into a 3D graphene-based nanocube (Figure 3.23c, d). 

The clear Raman mapping based on the 2D band (2690 cm-1) graphene peak (Figure 3.23d) 

shows the same shape as the SEM image of the graphene cube (Figure 3.23c), 

demonstrating successful protection of graphene. The Raman spectrum of graphene before 

and after self-assembly provides more detailed information about changes in graphene 

during self-assembly (Figure 3.23e). Unlike the entirely exposed sample, which shows 

significantly broad graphene G (1580 cm-1) and D (1350 cm-1) bands and a missing 2D 

band (the blue curve in Figure 3.23e), both the G band and 2D band are preserved in the 

graphene cube self-assembled by the FIB patterning function (the red curve in Figure 

3.23e). This result demonstrates the preservation of overall lattice structure. Even though 

the D band, which corresponds to disorders in graphene, shows higher amplitude after 

assembly, it can be attributed to the slight ion irradiation during the alignment process and 
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the stress induced during the self-assembly. The FIB alignment process was conducted for 

approximately 1 minute under a 30 kV ion beam with a 10 pA current at a magnification 

of 10000 X, resulting in a current density of 20 fA/µm2. To address the effect of alignment 

process, graphene samples with 50, 100, and 150 nm Al2O3 protection layers were exposed 

for 1 minute under a 30 kV ion stream with different beam currents (1, 10, 50, and 100 pA) 

at a magnification of 3000 X, resulting in current densities of 0.18, 1.8, 8.8, and 17.5 

fA/µm2, respectively. As shown in Figure 3.23f, the ratio of the intensities of the D and G 

bands, ID/IG, which is a major factor in characterizing defects in graphene, is plotted using 

the data obtained from the Raman spectrum. The ID/IG values for all the test samples lie in 

the range of 0.2 to 1.2, which indicates the graphene is in the “low” defect density status 

[162], confirming no significant damage was induced in the graphene during the fabrication 

process including the self-assembly. Moreover, at a current density of 17.5 fA/µm2, which 

is similar to the current density exposed during the alignment process, the ID/IG value of 

1.2 is close to the data measured for a 3D graphene cube assembled with 50 nm thick panels 

and a patterning function (the red curve in Figure 3.23e), indicating the defects are mainly 

due to the alignment process. In addition, applying a thicker protection layer and lower ion 

density resulted in a reduction of the defects in the 3D graphene self-assembled with the 

FIB (Figure 3.23f).  

3.3.12.3 Characterization of Plamsonic Behaviors 

The plasmonic resonance in the 3D graphene-based nanocubes self-assembled by 

nanoscale polymer reflow was investigated using Comsol Multiphysics (ver. 5.2a) 

simulations. Graphene-based bio-chemical sensors increase photon absorption by targeted 
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specimens through plasmonic enhancement of the incident electric (E) field [163, 164], 

enabling detection and monitoring of chemical and biological species down to pM 

concentrations [165-167]. However, the limited surface area of the enhanced E-field 

presents a major drawback in the realization of single molecule sensors due to the time 

required for the diffusion of the targeted molecules to the regions of enhanced E-field [168]. 

Three-dimensional hollow graphene-based structures overcome this limitation through the 

creation of large area hotspots and volumetric field enhancement by 3D plasmon 

hybridization. For the 5-faced graphene cube without hinges, when the incident E-field is 

polarized along the bottom surface of the cube, a hotspot area of high field enhancement is 

created on the bottom face of the cube due to the uniform field interference from all four 

adjoining graphene faces (Figure 3.24a). On the other hand, when metallic hinges are used 

to build 3D graphene-based nanostructures, the coupling induced between the graphene 

plasmons and the conducting metallic hinges causes losses in the plasmonic behavior of 

graphene (Figure 3.24b). For 100 nm thick metallic aluminum (Al) hinges, the size (500 

nm × 500 nm) of the large hotspot is reduced in area (300 nm ×300 nm), extending to only 
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Figure 3.24 Analysis of the field enhancement in 3D graphene cubes with no hinges, metal 

(Al) hinges, and polymer (PMMA) hinges when the incident E-field is polarized towards 

the bottom surface of the cube with uniform coupling in all directions. a-c) Simulated field 

enhancement (log scale) on the surface of the cubic graphene containers with a) no hinges, 

b) metal hinges, and c) polymer hinges, which shows parasitic leeching of the hotspot 

surface by b) 100 nm metal hinges, while remaining undisturbed by c) 100 nm polymer 

hinges. d-e) Variations in the volumetric and surface enhanced fields for the cubic 

structures when, d) plotted along the bottom surface, and e) plotted at the center of the 

cubes along the direction of the incident E-field, as indicated by the blue arrow. [145] 
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Figure 3.25. Analysis of the field enhancement in graphene cubes with no hinges, Al 

hinges, and PMMA hinges when the light is incident vertically from the top (open) surface 

of the cubes to the bottom surface. a-c) Normalized field enhancement (log scale) on the 

surface of the cubic graphene containers with a) no hinges,  b) metal hinges, and c) polymer 

hinges, demonstrating the parasitic leeching by the metal hinges deposited on any graphene 

surface even in the absence of the hotspot. Variation in the field enhancement when, d) 

plotted along the bottom surface, and e) plotted along the direction of the incident E-field, 

as indicated by the blue arrow. [145] 
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those regions not covered by the metallic hinges (Figure 3.24b, as well as reduced in 

intensity by a factor of 3 (from 300, blue line, down to 100, black line, for a 500 nm length 

cube, Figure 3.24d). Thus, the bottom hotspot surface of the graphene cube with an overall 

near-field enhancement of 263 in the absence of hinges is reduced to 34 when metal hinges 

are present (Figure 3.24d).  In contrast, when the nanocubes are realized using polymer 

hinges instead of metallic ones, the simulated results reveal the bottom surface of the cube 

retains the uniform circular hotspot of large near-field enhancement like the hotspot 

generated in the cube without hinges (Figure 3.24c). The hotspot surface on the bottom 

face of the polymer hinged cube demonstrates a nearly uniform enhancement of ~311 

(Figure 3.24d, red line) with a minor increase as compared to a cube with no hinges (Figure 

3.24d, blue line), which can be attributed to using the same mesh element size in the finite 

element modelling of hinges with different refractive index (air space=1, PMMA=1.5) that 

modifies the wavelength of the incident light in the PMMA medium. The strong fields 

existing on the surfaces of the graphene create a strong volumetric field within the bound 

volume of the cube (Figure 3.24e, blue line), allowing it to be used as a smart container for 

increased sensitivity. In the presence of metal hinges the lack of a hotspot reduces the field 

at the surfaces of the graphene cube and consequently the volumetric field is scattered from 

the surfaces of the cube (Figure 3.24e, a black line). Similar drawbacks due to the metal 

hinge are also observed under different polarizations of incident light, resulting in a 

reduced volumetric field enhancement (Figure 3.25). In addition, the graphene container 

with polymer hinges experiences a minute shift in resonant frequency as opposed to large 

shifts experience by structures with metal hinges (Figure 3.26). However, in the presence 

of polymer hinges a strong volumetric field is seen that decays when approaching the 
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unbound surface (top face) of the cube (Figure 3.24e, red line).  The smaller shift in 

frequency is a major advantage for molecular sensing applications since the operating 

resonant frequency of the graphene containers needs to be controlled based on the vibration 

frequency of the targeted molecules and should be minimally affected by components 

constituting the plasmonic nanosensors.  For a polymer hinge cube, the only factor 

affecting the resonant frequency is the size of the cube, thus, requiring only one parameter 

for the design of plasmonic nanosensors with desired operating frequency. Thus, 

significant design convenience and accuracy are achieved compared to metal hinged cubes 

where the combined effect of the cube size and hinge overlap and morphology needs to be 

analyzed.  

 

Figure 3.26. Transmission response for the 5-faced cube with no hinge, 100nm polymer 

(PMMA) hinge, and 100nm metallic (Aluminum) hinge with the incident E-field polarized 

a) from the top of graphene cube to the bottom, and b) from left side of the graphene cube 

to the right, as indicated by the red arrow. [145] 
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3.3.13 Quick Summary 

 In this section, I introduced a nanoscale polymer reflow process utilizing localized 

heat generation induced by an ion beam in a FIB microscope. The ion irradiation with 

nanoscale precision allows the precise control of the extent and location of heat generation, 

which enables programmable multi-level polymer reflow in continuous and discrete 

nanoscale polymer structures. Moreover, the surface tension force induced during the 

nanoscale polymer reflow can be utilized to trigger self-assembly of 3D nanostructures. 

The 3D polymer-hinged nanostructures are free from parasitic coupling that can exist 

between optoelectronic devices fabricated on these structures and the charge carriers in 

similarly formed structures with metallic hinge materials. This enables the polymer-hinged 

3D nanostructures to be utilized for achieving 3D optical properties without suffering 

severe drawbacks from losses in frequency spectrum and decay of the superior 

volumetric/large surface area enhancement of the incident E-field. The enhanced properties 

and advantages exhibited by 3D metamaterials self-assembled using nanoscale polymer 

reflow can open pathways for applications in nanoscale 3D optoelectronic devices, 

resonator-based 3D sensors, and other 3D plasmonic devices.   
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Chapter4  

 

Electron Irradiation Triggered Sequential and 

Reversible Self-Assembly 

 

In this chapter, I introduce a novel electron irradiation triggered self-assembly 

process. The stress generation mechanisms, irradiation induced amourphous material 

crystallization and organic material degradation, are discussed in detail. The folding 

mechanics is investigated by both measurement and modelling. I also present the strategy 

to achieve sequential and reversible assembly using electron irradiations. Some prototypes 

of nanootpics and nanomechanics are demonstrated using this technique.  

 

4.1 Electron Irradiation Triggered Sequential Self-Assembly  

4.1.1 Importance of Sequence in Origami Like Self-Assembly 

Origami- and kirigami-inspired assembly of 3D (three-dimensional) structures has 

arisen to be a broad topic in the past two decades [21, 69, 71, 77, 120, 132, 169-188]. To 

realize 3D structures from 2D (two-dimensional) nets, nanoscale folding and curving 

(spontaneous assembly) processes have been applied via a force generated by various 

stimuli. In Chapter 2 and 3, I studied the assembly process based on RIE and FIB system, 

which dramatically improved the fabrication yield. However, it is still a great challenge to 
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build complex 3D nanostructures with overlap, intersection, and asymmetry because one 

key factor of self-assembly is missing, namely programmable sequence. Sequence brings 

an additional dimension, time, to 3D self-assembly, which allows better control of the 

interactions, such as moving pathway and relative positions, of structures in a complex, 

assembled 3D system. By assigning each single assembly step in an established order (i.e., 

a sequential, programmable self-assembly), localized motion can be selectively triggered 

with precise timing, making a component accurately integrate into a complex structure 

without disturbing other parts of the assembly processes. Recently, several attempts to 

achieve sequential self-folding have been developed based on selective responsive material 

[189, 190] or localized stimuli such as a micro-heater [191] or laser source [192]. However, 

the responsive material and stimuli used in these methods are restricted to large-scale [189-

192], and this size limitation makes it impossible to apply sequential self-assembly for the 

realization of complex 3D nanostructures. 

In this section. I introduce a sequential, programmable self-assembly methodology 

that offers the capability to program the location, pattern, and energy of electron beam (e-

beam) through the use of programmable e-beam scanning, thereby allowing control of the 

desired order for sequential self-assembly (Figure 1). This assembly approach also allows 

overlap, intersection, and asymmetry in assembly processes for building complex 3D 

nanostructures using the e-beam as a localized stimulus, which mimics origami and 

kirigami in nanoscale. Various complex 3D structures, specifically, a knot, latch, wrinkle, 

helix, butterfly, crane, and flower ring, are shown here as a proof of concept of sequential 

self-assembly in nanoscale.   
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4.1.2 Concept of Electron Irradiation Triggered Self-Assembly 

To realize sequential self-assembly, we use an e-beam in a scanning electron 

microscope (SEM) as an energy source for triggering deformation of nanostructures. A 

SEM offers nanoscale, localized e-beam irradiation with precisely controllable beam-

position and real-time images showing the current status of assembly, leading to an in situ 

monitored self-assembly process (Figure 4.1a) [79,82,83,111,123,145,186,193]. The 

combination of programmable e-beam irradiation and real-time imaging capability in a 

SEM mimics the functions of “hands” and “eyes” of a human being for doing paper origami, 

which significantly enhances the controllability of assembly. Stress is induced in released 

bilayers (chromium, Cr / aluminum oxide, Al2O3) as a result of volume changes in the 

Al2O3 layer caused by outgassing and atom rearrangement during crystallization when 

localized heat generated by the e-beam irradiation is applied (Figure 4.1b). The stress 

induced on the specific area deforms the freestanding thin films. As localized stimuli are 

applied to targeted areas with a desired order, sequential self-assembly is achieved while 

being simultaneously monitored. (Figure 4.1a). As a proof of concept, three different e-

beam sequences are demonstrated constituting programmable nano-weaving processes that 

involve high time and space complexity (Figure 4.1c). By tuning the weaving sequence, 

four different knots with different internal spatial relations are demonstrated. 
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Figure 4.1 Conceptual schematics and SEM images showing the nano-weaving process 

triggered by electron irradiation induced crystallization. a) Instrument setup of electron 

irradiation induced crystallization for programmable self-assembly. b) Schematic showing 

the mechanism of electron induced crystallization. c) Programmable weaving of nanoknots 

achieved by sequentially irradiating the thin films by electron beam. The four beams of the 

2D pattern (labeled as “1”, “2”, “3”, and “4”) can be irradiated in different orders for 

sequential self-folding. Three different irradiation sequences have been demonstrated 

(“1234”, “1243”, and “1324”), resulting in different assembly outcomes.    
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4.1.3 Electron Irradiation Triggered Crystallization 

To induce localized stress caused by volume shrinkage of Al2O3 films deposited by 

an e-beam evaporator, phase change (crystallization) associated with extra oxygen 

outgassing and atomic rearrangement is triggered in the film using e-beam radiation, and 

the resultant stress curves the thin film. First, transmission electron microscopy (TEM) 

characterization is carried out on a partially curved tubular structure (30 nm Al2O3 and 3 

nm Cr) for studying the phase change of Al2O3 (Figure 4.2a). The partially curved tube is 

embedded in platinum (Pt) and then cut out from the original sample using ion milling 

(Figure 4.3) to get cross-sectional TEM images and an energy dispersive spectroscopy 

(EDS) mapping (Figure 4.4). The pristine condition of the Al2O3 layer before self-curving 

(e-beam radiation) is amorphous; however, in the curved regime of the Al2O3 tube after 

self-curving, the contrast representing crystallization of Al2O3 varies significantly near the 

inside, especially from the surface to the depth of 10 nm (Figure 4.2b). This demonstrates 

the nanocrystallites (NCs) nucleate, grow in the near-surface regions of the Al2O3, and 

propagate into the amorphous Al2O3 layer while under e-beam exposure. The 

nanocrystallites are also confirmed by selected area electron diffraction (SAED) of the 

curved tube outlined in the dashed square in Figure 4.2a (Figure 4.2c inset). The high 

resolution TEM image (Figure 4.2c) and its fast Fourier transform analysis (Figure 2d,e) 

show irradiation results in crystallization of the amorphous-Al2O3 matrix, in which 

randomly oriented nanocrystallites (ɑ-Al2O3) are formed. To confirm e-beam triggered 

crystallization, the amorphous-Al2O3 region is irradiated by a high voltage e-beam (300 

kV) for 10s, which provides continuous driving force to form the nanocrystallites. As a 

result, the central area of approximately 10 nm in diameter is completely transformed from 
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Figure 4.2 TEM and AFM analysis of the electron irradiation induced material change. a) 

TEM sample of a partially curved tube structures prepared by FIB. b) TEM image of the 

analyzed area of the tube structures. c) HRTEM image of the surface of the tube structure, 

indicating the electron irradiation induced Al2O3 nanocrystals. The inset is the selected area 

electron diffraction (SAED) analysis of the partially curved tube. d-e) Fourier 
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transformation analysis of the nucleated Al2O3 area. f-g)  High energy electron irradiation 

triggered crystallization in TEM. h) TEM induced in situ volume change of the tube left 

arm due to crystallization. i) AFM measurement for Al2O3 volume change under electron 

irradiation (5 kV) with different beam currents and film thicknesses for 5 minutes.  

 

Figure 4.3 TEM preparation of the partially curved tube in a dual beam (FIB/SEM) system. 

a) Pt  deposition by electron beam and focused ion beam. b) TEM sample prepared after 

ion beam thinning.  

 

Figure 4.4. a) TEM sample of partially curved tube structures prepared by FIB. b-e) The 

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

(b) and energy dispersive spectroscopy (EDS) mapping of (c) Al in green, (d) O in blue, 

and (e) Cr in red.  
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amorphous-Al2O3 to ɑ-Al2O3 (Figure 4.2f,g).  According to the interplanar d-spacing of 

0.238 nm and 0.255 nm respectively (Figure 4.5), the orientation of ɑ-Al2O3 

nanocrystallites are confirmed as [110] and [104]. This observation is clear evidence 

showing electron irradiation has the ability to trigger a crystallization process in amorphous 

materials. As for the mechanism of electron irradiation induced crystallization, it still 

remains greatly controversial. Previous studies suggested high temperature induced by e-

beam irradiation is the key factor for crystallization of the amorphous thin film [194]. 

However, Nakamura et al. later found the temperature rise caused by e-beam heating is 

much lower than the required annealing temperature for Al2O3 crystallization [195]. Thus, 

the electronic excitation process, rather than e-beam heating induced temperature raise, is 

the dominant factor for the migration of atoms in the materials, triggering crystallization. 

Based on this theory, electron irradiation even at low acceleration voltages and currents (5 

kV, 0.8 nA) directly break and rearrange thermodynamically unstable bonds in the 

amorphous material, resulting in crystallization without the assistance of temperature rise. 

The crystallization induces volume shrinkage and, in our case, a 22% thickness change has 

been observed after e-beam irradiation in a TEM, which results in further structural 

deformation even if the tube is embedded in a Pt coating (Figure 4.2h).  
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Figure 4.5. TEM images (a-b) and FFT patterns (c-d) of the Al2O3 layer before (a,c) and  

after (b,d) electron irradiation with 300 kV for 10 sec. The high energy irradiation can 

crystalize the amorphous Al2O3 (a,c) into well-defined crystalline (b,d). e,f) The zoomed 

in TEM image and Fourier Transform analysis of area 1 in b). The nano-crystallite has a 

hexagonal structure with [110] orientation and interplanar d-spacing of 2.38 Å. g,h) The 

zoomed in TEM image and Fourier Transform analysis of area 2 in b). The nano-crystallite 

has a hexagonal structure with [104] orientation and interplanar d-spacing of 2.55 Å.  
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To systematically quantify the e-beam irradiation inducing volume change, 6 µm × 

6 µm amorphous Al2O3 plateaus of varied thicknesses (9, 18, 36, and 54 nm) are deposited 

on a Si substrate. The plateaus are irradiated for 5 minutes under an e-beam with a bias 

voltage of 5 kV and currents of 1.6, 6.4, 26, and 100 nA. Under electron irradiation, the 

oxygen in the pristine, oxygen-rich amorphous aluminum oxide layer is extracted due to 

the electron induced electric field [196].  In addition, the excitation process triggered by e-

beam irradiation rearranges the atoms to form a more closely packed crystal structure [195]. 

As a result, the volume of the Al2O3 layer is decreased. Because the bottoms of the plateaus 

are confined on the substrate, the volume change occurs mainly in the z-direction, shown  

Figure 4.6 Monte Carlo simulation of 5 kV electron trajectory in 500 nm thick Al2O3 using 

Casino Simulator Version 2.51. The electron can reach to more than 400 nm inside the 

Al2O3  films.   
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as a thickness reduction (Figure 4.2i). Atomic force microscopy (AFM) is used to measure 

the plateau thickness before and after irradiation. Even though the pristine film thicknesses 

experience six times difference, the thickness reduction shows saturation at around 22% 

(Figure 4.2i), which indicates the crystallization is completed at this stage. We attribute 

this behavior to the long electron implantation range at the bias voltage of 5 kV, which is 

more than 400 nm based on Monte Carlo simulation of electron trajectory into an Al2O3 

layer (Figure 4.6). The long implantation range enables crystallization in the entirety of a 

10~50 nm thick Al2O3 layer, resulting in a saturated thickness reduction (22%). The 

understanding and quantitation of volume reduction can play a key role in designing self-

assembly strategies to achieve desired 3D nanostructures. 

4.1.4 Folding Analysis 

Numerical analysis for achieving a quantitative understanding of curving behavior 

is conducted by studying the effects of film thickness and coverage length of the bilayer 

system. Two sets of experiments are carried out on the bilayer beams, with 100 nm width 

and 1 µm length. First, the thickness of the Cr layer is fixed at 10 nm and the thickness of 

Al2O3 is varied to four different quantities, 10, 20, 30, and 40 nm (Figure 4.7a-d). Then, 

the thickness of the Al2O3 layer is fixed and the thickness of the Cr is changed in the same 

manner as for Al2O3 in the first case (Figure 4.7e-h). The e-beam voltage, current, exposure 

time, and magnification are set to be 5 kV, 6.4 nA, 100 sec, and 5000X to maintain an 

identical irradiation condition. Increasing the deposited thickness of the passive curving 

layer (Cr) shows a more critical influence on changes to the radius curvature than 

increasing the initial thickness of the active curving layer (Al2O3) (Figure 4.7 a-i) even  
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Figure 4.7 Effect of film thickness and relative coverage on self-assembly. The self-

assembly result of the samples with a-d) 10 nm Cr and increasing Al2O3 layer thickness 

(10, 20, 30, and 40 nm) and e-h) 10 nm Al2O3 and increasing Cr layer thickness (10, 20, 

30, and 40 nm). i) The curving radius of the different combinations of material thickness 

are measured and modeled. 

 

though there is no significant discrepancy between the Young’s modulus of Cr and Al2O3. 

This behavior is attributed to increased Cr thickness inducing additional resistance to 

bending, leading to a larger curving radius. In the case of varying the Al2O3 layer, the 

increased Al2O3 thickness causes higher resistance but also more stress generation when 

acting as the actuation (active) layer for curving, resulting in a smaller radius of curvature 
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when compared to the cases of increased Cr thickness. Based on this mechanism, a new 

model (Eq. 4.1) inspired by thermal expansion curving of thin films [197] has been 

developed.  In the model, the radius of curvature, R, is described as: 

𝑅 = ℎ2
3 · (1 + 𝑚)2 + (1 + 𝑚 · 𝑛) [𝑚2 +

1
𝑚 · 𝑛]

6 · 𝑄𝑎 · 𝐸 · 𝑇𝑎 · (1 + 𝑚)2
                              (4.1) 

where Ta is the thickness of Al2O3 film, Tc is the thickness of Cr film, h=Ta+Tc is the 

thickness of bilayer system, m=Ta/Tc is the thickness ratio of the Al2O3 layer to the Cr 

layer, n=Ya/Yc is the ratio of the Young’s modulus of Al2O3 to that of Cr, and E stands for 

e-beam irradiation energy. Qa = 15.6/J is the shrink coefficient obtained by curve fitting. 

The detailed derivation of the equation is shown in Section 4.15. As plotted in Figure 4.7i, 

the theoretical modeling result coincides with the experimental measurement, which shows 

the radius depends not only on the overall bilayer thickness but also on the thickness ratio 

of the two materials. This model offers an insight into the mechanism of electron irradiation 

triggered assembly and assists with structural design.  

 In addition, the curving behavior can be further modified via arranging the material 

layout and structural configuration. By applying a third Cr layer on top of the Al2O3/Cr 

bilayer system, the curving behavior (Figure 4.8a,d) is confined to the bilayer-only areas 

(Figure 4.8b,c,e,f). In the Cr/Al2O3/Cr tri-layer area, both the top and bottom interfaces of 

the Al2O3 layer are constrained by the rigid Cr layers, which induces similar stress for 

upward and downward curving, leading to an equilibrium system. Therefore, the tri-layers 

remain flat as long as the stress generated under irradiation is not sufficient to cause cracks 

in the Cr layers. When the length of the bilayer area is reduced to 400 nm, the curving 

behavior is restricted to this portion of the 1 µm long cantilever, realizing nano-weaving 
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(180o folding behavior, Figure 4.8b,e). Next, when the bilayer area is reduced to 100 nm, 

the cantilever can only be curved up to 90 degrees regardless of the irradiation time, (90o 

folding behavior, Figure 4.8c,f). It should be noted this approach offers a design concept 

that curving, weaving, and folding behaviors can be integrated together via changing the 

material layout and applying a programmable stimulus sequence to realize advanced 3D 

nano-architectures.  Moreover, the long penetration depth of the e-beam overcomes the 

shadow effect that normally limits folding angles to 90 degrees [111] and allows more than 

180 degree folding angles. 

 

 

Figure 4.8 SEM images showing the effect of relative coverage of the additional Cr layer 

on the assembly behavior of the Cr/ Al2O3 bilayer system. a,d) The curving behavior of 1 

µm long beams is transformed into b,e) weaving and c,f) folding with 600 nm and 900 nm 

of additional Cr layer coverage. 
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4.1.5 Modeling of Shrinkage Induced Assembly of a Bilayer System 

Radii of curvature for initially strained bilayers can be predicted by previously 

developed models [54, 173]; however, few models can describe the post volume change, 

especially shrinkage, induced deformation of a freestanding bilayer, leading to difficulty 

in predicting how the radius of curvature changes with respect to modification of the 

thickness of the active (Al2O3) or the passive (Cr) layers (Figure 3a-i).  To describe the 

folding behavior of the bilayer system in response to electron irradiation, we developed a 

new model based on the shrinkage mechanism. In our model, we assumed the linear shrink 

coefficient (Q) of each layer, Qa for Al2O3 and Qc for Cr, was the same across the thin film 

during the entire irradiation process. The irradiation induced total shrinkage, S, was 

decided by the shrink coefficient, Q, and irradiation energy, E. 

                                                                                𝑆 = 𝑄 ∙ 𝐸                                                                    (4.2) 

If we assume the irradiation energy is uniformly absorbed by the bilayer system, the 

absorbed energy for each layer can be related to the film thickness, Ta for Al2O3 and Tc 

for Cr. Then equation (4.2) can be rewritten to be: 

𝑆𝑎 =
𝑄𝑎 ∙ 𝐸 ∙ 𝑇𝑎

𝑇𝑎 + 𝑇𝑐
                                                             (4.3) 

𝑆𝑐 =
𝑄𝑐 ∙ 𝐸 ∙ 𝑇𝑐

𝑇𝑎 + 𝑇𝑐
                                                             (4.4) 

Based on the developed mechanism, only the Al2O3 layer of the bilayer system shrinks, 

making the structures fold to the Al2O3 side (Figure 4.9). 
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  In the system, all the forces acting on the thin film are represented by an axial force, 

tensile force Fa for Al2O3 and compressive force Fc for Cr. As no external force is applied 

to the system, all the forces are in equilibrium.  

Figure 4.9. Schematic showing the deflection under electron irradiation induced 

crystallization 

 

                                                                            𝐹𝑎 = 𝐹𝑏 = 𝐹                                                                (4.5) 

Therefore, the combined bending momentum, Ma + Mc, is expressed as F·(Ta+Tb)/2, 

where Ta and Tc denote the thickness for Al2O3 and Cr respectively, giving the equation:                                                             

𝑀𝑎 + 𝑀𝑐 = 𝐹 ∙
𝑇𝑎 + 𝑇𝑏

2
                                                       (4.6) 

Based on the moment-curvature relation, the momentum, M, can be expressed by curvature 

radius, R, and flexural rigidity, Y·I, where Y is the elastic moduli and I is the second 

moment of area:                                                                                                                                          

                                                   𝑀𝑎 =
𝑌𝑎∙𝐼𝑎

𝑅
       𝑓𝑜𝑟 Aluminum 𝑂𝑥𝑖𝑑𝑒 𝑙𝑎𝑦𝑒𝑟                                  (4.7)                                                       

𝑀𝑐 =
𝑌𝑐 ∙ 𝐼𝑐

𝑅
        𝑓𝑜𝑟 𝐶𝑟 𝑙𝑎𝑦𝑒𝑟                                             (4.8) 
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Therefore, equation (4.6) can be rewritten to be: 

                                                        

𝑌𝑎 ∙ 𝐼𝑎 + 𝑌𝑐 ∙ 𝐼𝑐

𝑅
= 𝐹 ∙

𝑇𝑎 + 𝑇𝑏

2
                                                (4.9) 

During the bending process, the longitudinal lengths of the two layers are changed 

differently in response to irradiation induced shrinking, internal force induced deformation, 

and curvature. However, the contact surface of the two layers should experience the same 

amount of dimension change, giving an equation showing the relationship:                

𝑆𝑎 −
𝐹𝑎

𝑌𝑎 ∙ 𝑇𝑎
−

𝑇𝑎

2𝑅
= 𝑆𝑐 +

𝐹𝑐

𝑌𝑐 ∙ 𝑇𝑐
+

𝑇𝑐

2𝑅
                                          (4.10) 

Combining this with equation (4.5) and (4.9), equation (4.10) can be rewrote as: 

        𝑆𝑎 − 𝑆𝑐 = 2(𝑌𝑎 ∙ 𝐼𝑎 + 𝑌𝑐 ∙ 𝐼𝑐)

1
𝑌𝑐 ∙ 𝑇𝑐 +

1
𝑌𝑎 ∙ 𝑇𝑎

(𝑇𝑎 + 𝑇𝑐) ∙ 𝑅
+

𝑇𝑎 + 𝑇𝑐

2𝑅
                 (4.11) 

To simplify the equation, let m=Ta/Tc, n=Ea/Ec, and h=Ta+Tc.  In addition, based on the 

definition of second moment of area, Ia and Ic can be expressed as Ta3/12 and Tc3/12 

respectively. The curvature radius R is expressed as:       

                                   

𝑅 = ℎ ∙
3 ∙ (1 + 𝑚)2 + (1 + 𝑚 ∙ 𝑛) [𝑚2 +

1
𝑚 ∙ 𝑛]

6 × (𝑆𝑎 − 𝑆𝑐) ∙ (1 + 𝑚)2
                              (4.12) 

As the Cr layer does not experience volume change under electron irradiation, Sc is equal 

to zero and the final expression for R is: 

𝑅 = ℎ ∙
3 × (1 + 𝑚)2 + (1 + 𝑚 ∙ 𝑛) [𝑚2 +

1
𝑚 ∙ 𝑛]

6 ∙ 𝑆𝑎 ∙ (1 + 𝑚)2
                              (4.13) 
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𝑆𝑎 =
𝑄𝑎 ∙ 𝐸 ∙ 𝑇𝑎

𝑇𝑎 + 𝑇𝑐
                                                              (4.14) 

As Sa is known as equation (4.14) and h=Ta+Tc, the radius of curvature can be expressed 

as: 

𝑅 = ℎ2
3 · (1 + 𝑚)2 + (1 + 𝑚 · 𝑛) [𝑚2 +

1
𝑚 · 𝑛]

6 · 𝑄𝑎 · 𝐸 · 𝑇𝑎 · (1 + 𝑚)2
                               (4.15) 

4.1.6 Bidirectional Self-Assembly 

The e-beam triggered self-assembly process is not limited to unidirectional curving or 

folding. By modifying the material layout, the area generating stress in the thin film can be 

engineered. If the relative positions of the Cr and Al2O3 are flipped, the stress will be 

induced in the bottom  layer instead of the top layer, transforming the upward curving into 

downward curving (Figure 4.10a). Both the upward (Figure 4.10b) and downward (Figure 

4.10c) curved tubes with different diameters (477, 381, and 286 nm) are realized by tuning 

the material layout. When two different material layouts are cemented next to each other, 

both upward and downward curving are achieved in the same structure thereby forming 

bidirectional curving (Figure 4.10a). Based on the design of the conjunct area, bidirectional 

curved tubes with different radii have been realized (Figure 4.10d). 
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Figure 4.10 Multi-directional assembly of 3D complex nanostructures. a) Schematics and 

b-d) SEM images showing the bidirectional curving of tube structures. Various sizes of the 

tube structures are realized with b) upward, c) downward, and d) combined directional 

curving.  
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Figure 4.11 Multi-directional assembly of complex nano-architectures. 

 

With more degrees of freedom, multi-directional assembly can be achieved. By 

cementing together three different material layouts (Figure 4.11a inset), curving structures 

with three distinct curving directions have been assembled with an upward curving base 

area and bidirectionally folding sector structures (Figure 4.11a). By integrating more 

sections of different layouts in the same pattern of Figure 4.11a, an oriental fan is 

demonstrated on the Si substrate (Figure 4.11b). To further demonstrate the capabilities of 

this approach, an origami butterfly, chain, and crane have been assembled based on the 

same strategy (Figure 4.11c-f). This powerful nanoscale self-assembly process enables 
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various functions human hands can do such as folding, curving, stretching, and weaving, 

showing the possibility to fully mimic origami and kirigami. As a demonstration, a flower 

ring, which consists of various folding or curving sections, has been assembled by precisely 

controlling the irradiation area, location, and sequence (Figure 4.11g-i).  

4.1.7 Programmable Assembly and Applications 

This e-beam induced, sequential, programmable self-assembly methodology opens up 

various application possibilities due to precise control of the irradiation-pattern, -sequence, 

and – energy exposed to the nanostructures. The combined functions of controllable, 

localized irradiation and real-time imaging make it possible to trigger localized folding or 

curving. Through modifying the irradiation pattern on a released bilayer system (10 nm Cr 

and 10 nm Al2O3) (Figure 4.12a,e), a rectangular film has been assembled into three 

completely different forms with two curved edges (Figure 4.12b,f), four curved corners 

(Figure 4.12c,g), and a combination of a curved edge and corners (Figure 4.12d,h). The 

diverse outcomes achieved from the same starting 2D structures demonstrate the ability to 

overcome the geometric limits of 2D patterns. Also, it shows the possibility to realize 

mechanical functions by modifying the motion of thin films. A suspended bilayer system 

(10 nm Cr and 10 nm Al2O3) with a hole and a cantilever is defined on a Si substrate to 

demonstrate a locking behavior as a nano-machine (Figure 4.12i,m). When the overall 

structure is exposed to electron irradiation, universal stress is induced in the thin films. As 

a result, the cantilever and corners fold up prior to the rest of the structure, which results in 

these portions contacting the main portion of the structure prematurely thereby impeding 

further folding (Figure 4.12j,n). When the irradiation area is well programmed to move  
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Figure 4.12 Schematic and SEM images showing the programmable assembly and 

potential applications realized by e-beam induced self-assembly. a-h) Different assembly 

outcomes are achieved on a rectangular sheet with b,f) curved edges, c,g) curved corners, 

or d,h) combination of both behaviors via localized irradiation. i-p) The programmed 

irradiation triggers k,o) internal and l,p) external locking behaviors.  

 

from the cantilever to the hole (irradiate pattern 1 first and then move to pattern 2 in Figure 

4.12k), the cantilever is designated to fold before the area around the hole. This irradiation 

sequence produces a tube structure with the cantilever penetrated through the hole as an 

internal locking mechanism (Figure 4.12o) If the irradiation sequence is reversed (Figure 
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4.12l), the beam hooks through the hole from the outside of the tube, locking externally 

(Figure 4.12p). It should be noted this sequential, programmable assembly process enables 

tunable outcomes for the realization of various 3D nanostructures functionalized for 

specific purposes even though the 2D patterns are the same before self-assembly. The 

desired sequence of irradiation brings an additional dimension into 3D structure design, 

allowing a researcher to further modify the 3D architecture after 2D pattern design. 

The movement of the thin film induced by localized e-beam irradiation can be 

further used as an actuator to power nano-machines or as a nanoscale test platform. A 

nanoscale stress test platform that consists of anchors, two tubular actuators, and a 

nanospring (10 nm Cr and 10 nm Al2O3) as a functional component of has been fabricated 

(Figure 4.13a-c). While electron irradiation is delivered to the actuator patterns, the patterns 

curl up to be a tubular structures and stretch the 2D nets which become a tensioned 

nanospring (Figure 4.13c). With further design and calibration, this test platform may be 

applied to nanoscale stress tests for various applications such as flexible material or 

kirigami structures. In addition, surface patterning with secondary materials can be 

incorporated into the 3D structures to achieve advanced 3D functional nanomaterials and 

devices. As a proof of concept, chiral structures have been realized inside a nanotube by 

integrating patterns (gold stripes) on top of a 10 nm Al2O3 rectangular thin film (before e-

beam irradiation: Figure 4.13d and inset in 4.13e, after e-beam irradiation: Figure 4.13e). 

In addition, because of the localized stress generation with the desired energy supplied at 

each location, assembly processes with various functionalities can be integrated next to 

each other, showing the potential to build comprehensive devices.  This ability is 
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demonstrated with the creation of a flower shape (lucky clover) and tubes with different 

radii of curvature all on the same substrate (Figure 4.13f.g).   

 

Figure 4.13 a-c) Nano stress-test platform and d,e) nano chiral materials have been realized 

via integrating functional components with the curving structures. f,g) A system integrated 

with various structures and assembly behavior is achieved.   

 

4.1.8 Quick Summary 

In this section, I developed a sequential, programmable self-assembly methodology 

triggered by electron irradiation. By combining the design of 2D patterns, application of 

localized stress generation, and execution of 3D assembly steps in a particular, desired 

order, it is possible to achieve the various functions of human hands including multi-

directional folding, curving, stretching, weaving, and sequential assembling, thereby 
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enabling origami and kirigami to be mimicked on the nanoscale level to allow the 

realization of tunable 3D structures. Various complex 3D nanostructures and prototype 

devices are demonstrated based on this method, showing the possibilities for pushing self-

assembly to a new level for applications in nanoscale 3D devices, machines, and robotics. 

 

4.2 Electron Irradiation Triggered Reversible Self-Assembly 

4.2.1 Importance of Reversible Motion 
 

Energetic irradiation (i.e. ion or electron) triggered in situ monitored self-assembly 

has undergone great growth due to its capability for precisely tailoring the deformation of 

two-dimensional (2D) [79,83,111,123,145,198,199] or one-dimensional (1D) [200, 201] 

micro and nanostructure to achieve higher dimensional complex architectures. Owing to a 

wealth of physical interaction between energetic irradiation and materials, stress generation 

and imaging can be simultaneously achieved under an ion or electron beam, leading to in 

situ monitored self-assembly. In addition, the tunability of the ion or electron beam enable 

precise delivery of ions or electrons to specific spot with required dose. The combined 

advantages equipped this assembly with controllability and programmability. Compared to 

previous developed self-assembly techniques, such as metal assisted etching, RIE, epitaxial 

thin film strain, it demonstrates architecture with much more complexity at a higher yield.  

However, one major fundamental challenge remains as far as how to achieve 

reversible self-assembly in nanoscale. Reversible motion is an important function for self-

assembly, which can triggers advanced application in various field, such as nanomachine 
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[202] and reconfigurable optical devices [174]. Although, researchers proposed the 

theoretical possibility to achieve bidirectional folding by tuning the implantation range of 

an ion beam, it has not been demonstrated experimentally due to the significant defect 

induced by ion beam. In addition, there is no strategy for using energetic irradiation to 

achieve reversible assembly yet, which limits the development of this useful technique.  

In this Section, I cover the strategy to achieve reversible self-assembly using 

electron irradiation triggered polymer degradation. By tuning the voltage of the electron 

beam, the degradation area in the polymer can be precisely controlled, which enable the 

control of folding direction. Further, two strategies for reversible self-assembly are covered. 

4.2.2 Concept of Electron Irradiation Triggered Polymer Film Self-

Assembly 

Electron irradiation triggered polymer degradation is a well-known process. 

PMMA experiences significant shrinkage under the electron irradiation due to the 

outgassing [203, 204]. As a result of the electron irradiation, the side chain in PMMA is 

first removed by electron bombardment [203]. Next, the principle chain scission will be 

triggered [204]. The chain scission causes emission of decomposition gases, such as CO2 

and CH4 (Figure 4.14a)[203], leading to reduce thin film volume. The absorbed energy is 

the determinant factor for the PMMA shrinkage. The area in the PMMA thin film that 

absorbed more energy from electron irradiation always has more dramatic shrinkage.  
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Figure 4.14 Conceptual schematics showing electron irradiation triggered PMMA change 

and two strategies of reversible self-assembly. a) Electron irradiation induces shrinkage of 

PMMA as a result of the chain scission and outgassing. b) By tuning the electron beam 

voltage, the shrinkage location can be precisely controlled, leading to reversible self-

folding. 

 

  The positive correlation between the absorbed irradiation energy and shrinkage 

makes it possible to create a gradient of volume change in the thin film by tuning the 

electron irradiation profile. For example, a low voltage electron beam triggers more 

significant shrinkage at the top surface of the thin film, leading to upward folding (Figure 

4.14b top). A higher beam voltage causes deeper electron implantation range, which causes 

higher energy absorption near the bottom surface of the PMMA thin film. As a result, 

significant shrinkage is triggered at the bottom surface of the thin film, leading to 

downward folding (Figure 4.14b bottom).  
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4.2.3 Demonstration of Reversible Self-Assembly 

To achieve the reversible assembly process, a 2D 100nm thick PMMA butterfly structure 

is defined on a Si substrate through an electron beam lithography process. Next, the sample 

is placed in a RIE chamber to etch away the Si substrate. Once released, electron irradiation 

is used to trigger the folding and unfolding process. With a 2kV electron beam, the highest 

energy absorption area is located around 20 nm away from the top surface, leading to  

Figure 4.15, Demonstration of reversible self-assembly of a butterfly structure. a-b) 

Schematics showing the a) folding and b) unfolding process. c-g) SEM images showing 

the reversible folding process of a PMMA butter fly. 

 

upward folding (Figure 4.15a,e). Next, the electron beam voltage is switched to 5kV, which 

has a highest energy absorption area at 60 nm in the thin film. As the highest energy 

absorption point is closer to the bottom surface, more significant shrinkage is triggered at 
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bottom half of the thin film, leading to downward folding (Figure 4.15b,f). By repeatedly 

switching the beam voltage from low to high, reversible folding process can be achieved 

in the PMMA butterfly structures (Figure 4.15d-g).  

4.2.4 Quick Summary 

In this section, I developed a reversible self-assembly methodology using electron 

irradiation triggered polymer degradation. Under the electron irradiation, PMMA 

experiences significant shrinkage. By precisely control the electron beam voltage, the 

location of the highest shrinkage point in the thin film can be programmed. By repeatedly 

switching the electron beam voltage from low to high, a reversible self-folding process has 

been demonstrated in a PMMA butterfly structures.    
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Chapter5                                                                         

Self-Assembled Plasmonic Cylindrical Nanosensor 

 

In this chapter, I demonstrate a self-assembled plasmonic cylindrical nanosensor. 

The present issue of plasmonic sensing is stated. Next, the concept and the fabrication 

process of this novel nanosensor is described in detail. The light and fluidic confinement 

achieved in this plasmonic cylindrical nanosensor is characterized. This chapter also covers 

the sensing behavior of this nanosensor for detecting hemoglobin.  

 

5.1 Overview of Plasmonic Sensing 

Plasmonic sensing, which originates from the surface plasmons’ response to its 

proximate molecules induced refractive index change, has arisen to be a powerful 

technique for detecting and identifying chemical and biological components [11, 17-19, 

205-210]. Moreover, nanostructured metallic surface can more tightly confine 

electromagnetic (EM) waves and form localized surface plasmon (LSP), which 

dramatically enhance the light-matter interaction, leading to strong localized field 

enhancement [15].  This enhanced field can further benefit plasmonic sensing techniques, 

leading to surface-enhanced Raman Scattering (SERS) [14, 16, 19, 205-207] and surface-

enhanced infrared absorption (SEIRA) [12, 208-212].  As the sensing behavior strongly 

depends on the size and shape of the nanostructures [205], tremendous efforts have been 

put into the innovation of advanced fabrication techniques for achieving well-defined 
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nanoscale plasmonic structures, including electron beam lithography [15, 209, 213-215], 

nanosphere lithography [16, 204, 216, 222], template stripping [11, 14, 211, 217], 

electrochemical growth [205], and DNA self-assembly [218, 219].   

However, most of these structures are demonstrated on 2D surfaces with an 

enhanced EM field only near the surface [220, 221], which requires additional effort to 

place the target molecules near the “hotspot” such as incubation in solution [14, 15, 16] 

and integration with microfluidic systems [12]. As the enhanced EM wave decays 

exponentially from the surface to the surrounding media [220, 221], the effective 

plasmonic sensing areas of metallic structures are restricted within in few nanometers away 

from the surfaces. Thus, a significant dimension mismatch exists between the nanoscale 

sensing distance and the microscale and even macroscale target sample volume, which 

results in extremely low efficiency for molecule immobilization or attachment. For 

example, the solution incubation requires 12 to 24 hours to attach the target molecules near 

the plasmonic hotspots for sensing [14, 15, 16]. As for integrating plasmonic structures 

into microfluidic channels, the target sample should be flowed into the devices 

continuously during the sensing process [12]. In addition, only the molecules near the 

bottom of micro-channels are taken into account for the result. The long preparation time 

and sample waste caused by the dimension mismatch impairs the advantage of plasmonic 

sensing. Therefore, it is necessary to create an efficient interaction between the target 

sample solution and plasmonic hotspot. 

Nanofluidics stands out to be a strong candidate due to its capability to control and 

manipulate nanoscale fluid [228], which is in the similar range of the effective sensing 
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region for plamsonic sensors. Recently, cylindrical plamsonic structures have been 

invented to implement plasmonic sensors with nanofluidic devices, achieving field and 

substance confinement simultaneously [206]. However, this fabrication technique is based 

on ion beam milling triggered secondary electron lithography, which can only achieve 

hollow cylindrical shape plasmonic structures [206, 208, 212]. It is not possible to integrate 

most advanced plasmonic structures with better sensing behavior, such as nano-gap and 

nano-tip, resulting in difficulties for further exploiting the advantages of plasmonics. 

Therefore, there is an urgent need to develop a method that bridge the most advanced 

plasmonic structures with fluid channels. 

Here, I present a manufacturing method based on electron beam triggered self-

folding process with the combination of surface patterns (5 nm gold: Au) on aluminum 

oxide (Al2O3)-based cylindrical nanostructures, which enables direct formation of a 

plasmonic gap at the touching edge of the self-curved nano-cylinder. The nano-gap 

contributes to subwavelength field localization and enhancement, serving as a plasmonic 

“hotspot” for biomolecule sensing. In addition, the 3D configuration of the nano-cylinders 

enable fluid confinement in nanoscale dimension, which makes it possible to bring 

chemical and biological substance close to the effective sensing regions of plasmonic 

structures. By bridge nanoplamsonics with nanofluidics, a more efficient interaction 

between the confined EM field and target molecule is achieved, contributing to higher 

sensitivity. The overall sensing behavior of this 3D nano-cylinder with plamsonic gaps is 

characterized based on the detection of hemoglobin. Compared to 2D Au ribbon, higher 
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sensitivity with an enhancement factor of 10 has been observed on 3D structures. Moreover, 

the Raman mapping confirms that the plamonic gaps are the dominant hotspot for sensing. 

5.2 Concept for Self-Assembly of Nanocylindrical Plamsonic 

Sensors 

The three-dimensional (3D) cylindrical plasmonic sensor are fabricated through an 

electron irradiation induced self-assembly process (Figure 5.1). The 2D pattern before 

assembly consists of two components: an actuation bilayer of 1 nm thick Cr and 5 nm thick 

Al2O3, and a metallic pattern of 5 nm Au (Figure 5.1, b, c). After being released from the 

silicon (Si) substrate, the 2D patterns are irradiated by electron streams. The electron 

irradiation (5 kV) enables the transformation of amorphous Al2O3 into crystal Al2O3, which 

is associated with significant volume reduction. As the Cr layer is rigid, the volume change 

induces tensile stress in Al2O3 layer and compression stress in Cr layer, allowing the bilayer 

to curve up (Figure 5.1a). Once the two edges of the actuation bilayer touch, the curving 

process self-stops and forms a nano cylinder (Figure 5.1d). The Au nanoribbon also curve 

up together with the actuation bilayer. In addition, the self-stopping property allows the 

formation of a nanoscale plasmonic gap at the edge of the Au ribbon (Figure 5.1 d,e). A 

clear nanogap is observed in the self-assembled 3D nanocylinder using backscattered 

electron (BSE) image (Figure 5.1e). The detailed fabrication process are described in the 

Section 5.2.1. This 3D nanocylinder with plasmonic nanogap allows us to simultaneously 

achieve field and solution confinement for molecular sensing with higher sensitivity and 

faster speed.  Figure 5.1f shows the idea configuration for using this 3D nanocylinder for 

detecting hemoglobin (Hb). The nano-cylinder serves as a nanofluidic channel to confine  
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Figure 5.1, Conceptual schematics and SEM images showing the self-folding of nano-

cylinder with a plasmonic nanogap for bimolecular sensing. a) System setup and 

mechanism of electron irradiation induced self-assembly. b) SEM and c) BSE images of 

the two-dimensional pattern before folding. d) SEM and e) BSE images of the self-

assembled 3D nano-cylinder with a diameter of ~ 500 nm. A nano-gap is formed at the 

touching edges in the center of the nano-cylinder. f) Schematics showing the capability of 

using self-assembled nano-cylinders with a plasmonic gap for detecting hemoglobin. 
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the solution based target molecule near the plasmonic nanogap. The nanogap is a 

“hotspot” with highly confined electromagnetic field, which is expected to achieve the 

highestRaman enhancement [14, 15, 16]. The integration of plasmonic nanogap with 

nanofluidic channel enable rapid and accurate placement of target molecule at the 

nanoplasmonic “hotspot” for rapid sensitive detention.  

5.2.1 Sample Design and Fabrication 

The 2D patterns were defined on Si substrate through two steps of  standard electron 

beam lithography (EBL) process for Cr/Al2O3 actuation bilayers and Au metallic structures 

respectively. To fabricate the actuation bilayer, an e-beam resist, polymethyl methacrylate 

(PMMA) A3, was spun on top of a Si wafer at 3000 rpm. Then, EBL system (Vistec EBPG 

5000+) is was used to pattern the 1.5 µm × 30 µm ribbons with a beam setup of 1 nA and 

1000 µC/cm2. After developing in MIBK/IPA = 1:3 for 60 s, 1 nm Cr and 5 nm Al2O3 are 

deposited using an e-beam evaporator (RME-E2000). A lift-off process was carried out to 

finally remove the undesired material in the acetone bath and form the actuation bilayers 

(Figure 5.2 a, e, i). The 5 nm thick gold ribbons with a width of 500 nm and a length of 1.5 

µm were formed on top of the actuation bilayer via a similar EBL process (Figure 5.2 b, f, 

j).  

To release the 2D patterns from the Si substrate, the samples were loaded into a 

reactive ion etching (RIE) system (STS 320) to etch away the Si underneath the 2D pattern 

(Figure 5.2 c, g, k). Carbon tetrafluoride (CF4) and oxygen (O2) were flowed into the 

reaction chamber at 12 sccm and 1 sccm respectively to react with Si. The power, pressure, 

and reaction time were kept at 20 W, 100 mtorr, and 15 minutes. In addition, the sample 
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were facing down to the chamber substrate during RIE process to minimize the ion 

irradiation induced defect. The suspended 2D patterns were curved into 3D nano cylinder 

using the scanning electron microscope (SEM) inside a FEI Helios G4 UX dual-beam 

(FIB/SEM) system. The e-beam voltage was set at 5 kV and the beam currents were ranged 

among 0.8 nA, 1.6 nA, 6.4 nA to 26 nA based on the size of the array and the desired 

folding speed. 

Figure 5.2, Fabrication process of nano-cylinder with a plasmonic gap. a, e, i) 1 nm thick 

Cr and 5 nm thick Al2O3 layer is form onto of high resistivity Si substrate as the actuation 

layer. b, f, j) 5 nm Au is patterned on top of the Cr/Al2O3 bilayers as optical components. 

c, g, k)  reactive ion etching is conducted to etch away the Si and release the 2D patterns. 

d, h, l), Electron irradiation is used to crystalize the amorphous Al2O3 and trigger volume 

reduction, which will generate stress to fold the 2D ribbons out of plane to be 3D nano-

cylinder. The gold pattern will form a nanoscale plasmonic gap at the touching edges of 

the nano-cylinder.  
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5.2.2 Control of the 3D Structures 

The shapes of the metallic structures play important roles in determining its 

plasmonic behaviors [217]. Various plasmonic structures, including nano-holes [12], nano-

gaps [14], nano-tips [217], and nano-particles [18], have been explored and showed 

different plasmonic behaviors, especially field enhancement. Therefore, it is critical for 

plasmonic structure fabrication techniques to build various shapes. We investigated the 

versatility of the e-beam folding techniques and demonstrated four different 3D plamsonics 

structure via tuning the gold pattern of the 2D designs (Figure 5.3). The functional 

components of the 3D cylindrical plamonic sensor are based on the nano-gaps formed 

between the touching edges of the Au ribbon. By simply changing the Au ribbon into 

rhombus (Figure 5.3 a), the short edges evolve into points, achieving plamsonic nano-tips 

inside a nano-cylinder after self-assembly (Figure 5.3 b, c, d).  Further, both the Au 

plasmonic structures and the supporting structures of nano-cylinders can be modified by 

adding a gap into the Au pattern (Figure 5.3 e-l). During self-assemble, the Au patterns 

works as rigid materials and induce additional resistance for curing. Both the Au ribbons 

and rhombus are continues layers along the curving direction, which induce relative 

equivalent resistance. Therefore, the deformation of the 2D pattern are in a curving format, 

creating nano-cylinders. The additional gaps in the Au pattern break the relative force 

equivalence along the curving direction. The gaps are more preferable locations for the 

deformation,curving up prior to the rest of the structures. As a result, the curving process 

is transformed into folding process. Triangular and rectangular parallel plate plasmonic 

structures are demonstrated using this strategy (Figure 5.3 f-h and j-l). In addition, the 

parallel pate structure can evolve into prism by creating more gaps in the 2D Au 
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patterns(Figure 5.3 m). 3D triangular prisms are fabricated by patterning two gaps in the 

Au patterns (Figure 5.3 n-p). Further modification of the Au pattern can lead to more 

complex 3D plasmonic structure, which should have potential for further exploring nano-

plamsonics.    

 

Figure 5.3 SEM, BSE, and conceptual schematics of different types of 3D plasmonic 

structures.  The 2D designs of Au pattern determines the structure of both the plasmonic 

components and Al2O3 supporting components. a-d) triangular gold tips formed in a nano-

cylinder, e-h) triangular parallel plate, i-l) rectangular parallel plates, and m-p) pyramid 

prism are demonstrated.  
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5.3 Characterization of Fluid Confinement  

To understand the fluid flow and particle confinement inside the nano-cylinders, a 

dark field microscope and a fluorescent microscope were used for characterization. A 

sample that consists of 2D patterns, half-way curved nano-cylinders and fully curved nano-

cylinders was fabricated by aforementioned fabrication process (Figure 5.4a). The dark 

field measurement, which enables the visualization of fluid flow via color change, was 

carried out first to verify whether the liquid can fill into the nano-cylinder,. A drop of 

isopropyl alcohol (IPA) is dropped on top of the 3D nano-cylinder arrays (Figure 5.4b). 

Because of evaporation, the size of IPA drop reduces, which makes the IPA flow away 

from the 3D nano-cylinders (Figure 5.4c). Then, the IPA inside the nano-cylinder starts to 

evaporate. A clear boundary change of the fluid during evaporation is  monitored under the 

dark field microscope (Figure 5.4d), confirming that the fluid can be filled and confined 

inside the tube despite finally evaporated (Figure 5.4e). Further, a fluorescent measurement 

is conducted to evaluate the particle confinement behavior of the 3D nano-cylinder. The 

sample was dipped into a 2.5 mg/mL fluorescein conjugated ovalbumin for 1 hour. 

Ovalbumin is a widely used protein molecule that consists of 385 amino acids [223]. The 

relative molecular mass is 42.7 kDa [223], which corresponds to a minimum radius of ~2 

nm. This value is similar to the common protein molecules [224], making ovalbumin a 

good representative example for molecule confinement test. In addition, the dimension is 

much smaller than the diameter of the nano-cylinder, ~500 nm, allowing the florescent dye 

conjugated ovalbumin flow into the chamber. Next, a 5 minutes water dip and gentle air 

gun dry out were utilized to clean up the surface attached molecules. The florescent 
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Figure 5.4 Characterization of fluid confinement on 2D ribbon, 2.5 D half-way folded 

nano-cylinder, and 3D nano-cylinders using fluorescent microscope. a) Schematic showing 

the sample preparation for fluorescent measurement. b-e) Dark field optical microscope 

image confirming that fluid can flow in and out of the nano-cylinder. c-e) The movement 

of the fluid can be clearly observed inside the nano-cylinder during the drying process. f) 

SEM of the samples before measurement. g) Florescent image of the sample after treatment, 

showing enhanced fluid confinement in 3D nano-cylinders.  
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measurement was carried out on the washed sample using a fluorescence microscope. The 

detailed measurement setup and process is described in the Method. The measurement 

result shows a clear difference between the area of 3D nano-cylinders and the area of 2D 

ribbon and 2.5D half-way curved nano-cylinders (Figure 5.4 f, g). Much brighter 

fluorescence is observed on the 3D nano-cylinders, which shows fair amount of molecules 

is still in the nano-cylinder. This observation demonstrates that the nanoscale cylindrical 

structure with a nano-gap not only allows the molecules to flow into it but also confines 

the molecule inside it. Compared to 2D patterns, the better confinement makes it a passive 

trap to place the target molecules close to the surface patterned plasmonic structures tightly, 

contributing to better sensing behaviors. 

 

5.4 Characterization of Sensing Behavior  

The overall sensing behavior of the nano-cylinders with plasmonic gaps is 

characterized based on surface enhanced Raman spectroscopy (SERS) for detecting 

hemoglobin (Hb) molecule. Hb is an important blood constituent protein, which is 

associated with various diseases. For example, abnormal Hb can cause sickle cell disease 

(SCD), which leads to cumulative organ damage, acute pain, and reduced survival [225]. 

More than 14 million people suffer from SCD worldwide with about 85% being in the 

resource-limited regions of sub-Saharan Africa where about half of the infants with SCD 

die before reaching the age of five. In addition, Hb has clear fingerprints range from 1000 

to 1700 cm-1, which have been well-characterized by SERS [226]. Moreover, Hb molecule 

is nearly spherical with a diameter of around 5 nm [227], which makes it able to be flowed 
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into the nano-clyinders. Because of the above properties, Hb was selected as the 

representative example for the characterization of 3D nano-cylinder sensing behaviors. 

For a quantitative comparison, both 2D ribbon sample and 3D assembled nano-

cylinder sample were dipped into a 2.5 mg/mL Hb solution and later were dried out by air 

gun. The detailed system setup and process for SERS measurement is provided in Method. 

The collected Raman spectra show the prominent Hb fingerprints, such as 1127 cm-1 and 

1583 cm-1, on both the 2D ribbon and 3D nano-cylinders with plasmonic gaps (Figure 5.5 

a).  The peak of 1127 cm-1 belongs to the valine mode and the peak of 1583 cm-1 represents 

the phenylalanine mode. However, these two modes are significantly enhanced at the 3D 

plasmonic structures. A enhancement factor (EF) of ~ 10 is observed based on the ratio of 

Raman peak intensity at the plamonic gaps of 3D nano-cylinder (I3D) over the peak 

intensity at 2D Au ribbons (I2D). The enhancement are attributed to three factors:1), The 

nano-gaps formed during self-assembly are “hotspots” for SERS, which can confine the 

incident light near their surface, generating a enhanced electromagnetic field. The 

enhanced field directly contributes to higher EF with a relation of EF ∝ |E|2 [209], resulting 

in higher sensitivity. 2) The 3D cylindrical structure enable the fluid confinement inside its 

3D nanoscale channel, which brings more target molecules close to the plasmonic sensing 

structures, further enhancing the sensitivity. 3) in addition, the suspended configuration of 

the 3D nanocylinder minimize the interaction between the sensing components with the Si 

substrate, leading to reduced energy loss through the substrate. The minimized energy loss 

also contributes to higher sensitivity. 
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Figure 5.5 Raman analysis of hemoglobin. a) Raman spectra of hemoglobin from 2D 

ribbons before folding and 3D nano-cylinder with plasmonic gap. b) Raman Imaging 

collected on c) 2D ribbon sample based on the peak at 1600 cm-1. d) Raman Imaging 

collected on e) 3D nano-cylinder sample based on the peak at 1600 cm-1. Strong hotspot 

are observed around the plasmonic nanogap. 
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Further, to investigate the spatial performance of SERS, the laser was scanned over 

both the 2D and 3D sample areaw and Raman spectra were collected as a function of 

positions. Raman maps were generated based on the peak intensities of 1583 cm-1 that 

collected at each pixel (Figure 5.5 b, d).  Clearly, the Raman peak intensities of the 3D 

cylindrical structure are much higher than that of 2D ribbons throughout the whole 

measurement area (Figure 5.5 b,d). Especially, the highest intensities are observed at the 

plamsonic nano-gaps, which are aligned well with the gaps shown in the SEM image 

(Figure 5.5 d, e). This coherence confirms that the nano-gaps are the hotspots, which are 

the main contributors for the high sensitivity. Moreover, the Raman mapping of the 

hotspots spread across the sample demonstrates the uniformity and reliability of the 3D 

nano-cylinder with plasmonic gaps for working as molecular sensors. 

 

5.5 Quick Summary 
 

In this chapter, I demonstrate a method to bridge nano-plasmonics with nano-

fluidics using e-beam triggered self-assembly. Through self-assembly, the 2D ribbons with 

surface patterned Au structures curved up into nano-cylindrical channels and automatically 

formed Au plasmonic hotspots. The versatility of the fabrication techniques demonstrated 

by tuning the 2D design of Au patterns, achieving various shapes of plamsonic structures 

and channels. The integration of palsmonic nano-structures into a nanoscale channel makes 

it possible to achieve field enhancement and fluid confinement simultaneously.  Further, 

the fluid confinement has been examined by fluorescent measurement, which confirms the 

capability of the biomolecules to flow into the channel and be confined within it. Finally, 
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the overall sensing behavior of the 3D nano-cylinder with plamsonic nano-gaps are 

characterized using SERS for the detection of hemoglobin. All of the prominent 

fingerprints are resolved in the spectra collected based on both the 2D and 3D 

nanostructures. Compared to the 2D patterns, higher sensitivity is observed on the 3D nano-

cylinders, especially at the plasmonic nano-gaps, due to the combined advantage of field 

and fluid confinement.     
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Chapter6  

Self-Assembled Graphene Nanocylinder for Plasmonic 

Optofluidic Sensors 

 

In this chapter, I introduce the status and limitations of graphene plasmons achieved 

on 2D patterns. Driven by the advantages of 3D graphene plasmons, a self-assembly 

process for building 3D graphene based nanostructures is developed and presented in this 

chapter. The fabrications and Raman measurement is covered to characterize the 

morphology and quality of 3D graphene based structures. A comparison of 3D graphene 

plasmon to 2D graphene plasmon based on Comsol Multiphysics simulation is provided. 

 

6.1 Graphene Plasmon 

6.1.1 Introduction to Graphene Plasmon 

The strong near-field enhancement of the incident light by the graphene plasmons 

exhibits potential for achieving optical detection mechanisms with higher sensitivity 

through stronger light-matter interaction [163, 166, 229-232]. Recently, several plasmonic 

sensing devices based on graphene nanostructures have been developed for detecting 

various targets such as chemical compounds [166, 233, 234], biomaterials [165], and gases 

[167]. Compared to conventional noble metal plasmonic sensing techniques, wide 
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frequency range [234,235-237] and high sensitivity [165] have been observed in graphene-

based sensing technology.  

6.1.2 Limitation of 2D Graphene 

The plasmonic near-field enhancement of planar graphene undergoes severe 

exponential decay in the vertical direction away from the surface of the graphene [238], 

resulting in a relatively small spatial overlap between the specimens and the volume of 

high field confinement. Moreover, in the case of insulating substrates such as SiO2 and h-

BN, the planar 2D graphene plasmons couple strongly with the substrate surface polar 

phonons [239]. Due to the rapid spatial decay of plasmon enhanced electric field, the 

sensitivity is primarily limited by the diffusion of the targeted analytes to the graphene 

surface; thus, the configuration fails to achieve sensitivity in femto and atto molar ranges 

[240]. 

6.1.3 The advantages of 3D Graphene 

 To overcome the field intensity being limited to the graphene surface, 

transforming the two-dimensional (2D) planar graphene into three-dimensional (3D) 

nanostructures has been introduced as a promising solution [19, 69, 240-242]. When 2D 

planar graphene is transformed into 3D nanostructures, the plasmons exhibit new 

hybridized resonant modes that cannot be excited in the planar nanostructures [69]. The 

addition of extra dimensionality to the hybridized plasmon resonance modes results in a 

near-field enhancement which extends across the entire surface of these 3D structures as 

well as within their spatial volume [69]. As the sensitivity is directly related to the field 

intensity in the vicinity of the analyte, the strong volumetric electric field confinement in 
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these 3D nanostructures can result in high sensitivity detection of proteins and other 

biological specimens.  

 The plasmonic field extending over longer distances in 3D graphene-based 

nanostructures is also necessary to preserve molecular properties. When cells and 

biological molecules are tethered to planar 2D sensors, some biological functions and 

cellular conformational properties are lost due to geometric constraints [243]. Furthermore, 

the sensors need to allow for seamless integration with microfluidic channels and diverse 

materials for easy real-time monitoring of targeted specimens and incorporation into lab-

on-chip devices, which can be achieved more readily with 3D nanostructures versus 2D 

ones. Among all the different types of 3D nanostructures, 3D hollow graphene 

nanocylinders offer the highest prospects due to the unique properties imparted by their 

morphology such as the large surface area to volume ratio. When biological specimens are 

encapsulated in cylinder-based lab-on-chip devices, functions such as mitosis are preserved 

[244], thereby making 3D nanocylinder-based sensors especially attractive. Impedance 

sensors based on rolled-up 3D sensors have shown to offer 4 orders of magnitude 

enhancement in the sensing capabilities for targeted H1N1 DNA specimens [245]. The 

unique properties of 3D nanocylinders, along with the ease of integration with microfluidic 

channels, has prompted research into their application for biological and chemical sensors 

[246, 247] and single cell analysis [248,249]. The incorporation of graphene along with 

noble metals in 3D geometries has recently been shown to achieve sub-molecular-level 

sensitivity of photocatalytic degradation process via optoplasmonic whispering-gallery-

mode (WGM) resonance in the 3D cavities [250].   

 In this Chapter, we propose cylindrical graphene nanostructures and investigate 
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the effect of 3D geometry on the plasmonic properties of graphene, where a strong electric 

field spreads over large volumes inside the 3D nanostructures (Figure 6.1), for the 

realization of highly sensitive biomolecular sensors. The 3D graphene-based (cylindrical) 

sensors surpass the small surface-limited active areas existing in 2D graphene sensors and 

are significantly less susceptible to substrate influence as compared to 2D configurations 

(Figure 6.1d-f). A large array of graphene-based cylindrical structures is realized using a 

self-assembly process that offers halfway and fully curved cylindrical graphene structures 

suspended from a substrate by controlling the shape and dimension of the 2D structures 

before self-assembly (self-curving). 

 

Figure 6.1 Schematic illustration of the transformation of a) 2D graphene ribbon, b) half-

way curved graphene cylinder, and c) 3D graphene cylinders. d-f) Change in the electric 

field distribution as a result of curving of graphene structures. g) Schematic illustration 

showing the bio-sensing mechanism based on graphene nanocylinders. The color bar 

shows the value of the mapped electric-field enhancement in the graphene structures in 

natural log scale. 
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6.2 Realization of 3D Graphene-based Nanocylindrical 

Structures 

6.2.1 Concept for Assembly of 3D Graphene Nanocylinders 

The concepts involved in the self-curving of 3D graphene-based nanocylinders are 

illustrated in Figure 2. An array (30 × 100) of 2D graphene-based ribbons [3 nm thick 

aluminum oxide (Al2O3)/single layer CVD graphene/3 nm thick Al2O3/5nm tin (Sn)], each 

with dimensions of 1.5 µm × 15 µm, is first fabricated on a high resistivity silicon (Si) 

substrate. In the sandwiched structure, the two layers of Al2O3 work as frames supporting 

the graphene as well as protection layers, shielding the graphene from being damaged by 

the etching process during self-curving. The Sn layer is the actuation layer, generating 

surface tension forces for self-curving during the plasma triggered self-assembly process 

in a reactive ion etching (RIE) system (Figure 6.2a-c,). Note that the sample is immersed 

in nitric acid for 30min after assembly to selectively etch away the Sn layer. Then, it is 

transferred into IPA (isopropyl alcohol) and is gently dried out in a critical point dryer to 

minimize the effect of capillary force (Figure 6.2d). The RIE process releases the ribbons 

from the substrate while simultaneously inducing thermal energy because the Si etching 

reaction is exothermic [53]. As a result, the Sn grains melt and coalesce, which induces 

surface tension forces in the thin films [53,111], curving the 2D graphene-based ribbons 

out of plane to form partially (Figure 6.2b,f,j,n) and, with further self-assembly time, 

completely curved graphene-based nanocylinders (Figure 6.2c,g,k,o). A yield of self-

curving has been achieved for 30 × 100 arrays (Figure 6.2e,f,g) and the yield is not affected 

by the number of arrays since the self-curving is a parallel process. Even after wet etching 
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Figure 6.2. a-d) Conceptual schematics, e-p) SEM images, and q-u) Raman analysis of 

graphene-based ribbon, partially curved nanocylinder, and 3D nanocylinder triggered by 

reactive ion etching. a) The 2D graphene-based ribbon (Al2O3/ Graphene/ Al2O3/ Sn) is 

formed on a Si substrate. b, c) Reactive ion etching is used to release the 2D ribbon while 

simultaneously generating a surface tension force to curve the structure into b) partially 

and c) completely curved nanocylinders. d) After self-curving, the Sn layer is removed by 

nitric acid. The sample is carefully dried out by critical point dryer. e-p), The high yield of 

the self-curving process enables the assembly of an array (30 × 100) of nanocylinders, 

showing the ability to achieve large scale fabrication.  
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of Sn, most of the samples maintain their original cylindrical shapes (Figure 6.2h,f,p). Only 

the nanocylinders that fully released from the substrate during RIE are washed away 

(Figure 2f). The detailed fabrication process for the 3D graphene-based nanocylinders is 

described in the Section 6.2.2.  

 

Figure 6.3 Conceptual schematics of the fabrication process of graphene-based ribbon, 

half-way folded nanocylinder, and 3D nanocylinder triggered by reactive ion etching. a-d) 

Schematics showing the fabrication of  2D ribbon contains 3 nm Al2O3/monolayer 

graphene/3 nm Al2O3/5nm Sn. e), The undesired Graphene is removed by oxygen plasma 

etching. f-g) After being treated in a reactive ion etching system, Sn film will melt and 

experience metal reflow due to the heat generation in etching process, which induce surface 

tension force to fold the 2D ribbons out of plane to be 3D half-way and completely curved 

nanocylinder. h) The Sn layer is removed by nitric acid and the nanocylinder is dried out 

by critical point dryer. The diameter of the nanocylinder is around 500 nm  after self-

assembly. 
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6.2.2 Sample Design and Fabrication 

 To fabricate the 3D graphene-based nanocylinders, 2D sandwiched graphene 

ribbon (3 nm thick Al2O3/single layer graphene/3 nm thick Al2O3/5 nm thick Sn) was first 

fabricated (Figure 6.3a-e). Polymethyl Methacrylate (PMMA) A3 was spun at 3000 RPM  

on top of the high resistivity Si substrate (560 – 840 Ω·cm) as the electron beam (E-beam) 

resist. An array of 2D ribbons, with ribbon dimensions of 1.5 μm × 15 μm, was then defined 

on the PMMA by an EBL system (Vistec EBPG5000+). After developing in MIBK (methyl 

isobutyl ketone): IPA (isopropyl alcohol) with the ratio of 1:3 for 1 minute, 3 nm thick 

Al2O3 was deposited by an electron beam evaporator (RME-E2000) to form the bottom 

protection layer (Figure 6.3b). A lift-off process was carried out in acetone to remove the 

undesired material. Next, a single layer of chemical vapor deposited (CVD) graphene was 

transferred on top of the patterned Al2O3 ribbon through a wet transfer process (Figure 

6.3c). The mobility of the CVD graphene grown on the copper (Cu) foil is around 2700 

cm2/V·s. After graphene transfer, N2403 was spun on top of the structure at 5000 RPM as 

the negative E-beam resist, which can protect graphene from electron irradiation for the 

rest of the EBL process. Then, a secondary array of 2D ribbons with the same ribbon 

dimensions (1.5 μm × 15 μm) was defined on the N2403 resist, which was aligned precisely 

to the bottom protection layer. MF-319 was used as the developer, which dissolved the 

unexposed resist in 1 minute. Then, 3 nm Al2O3 and 5 nm Sn layers were deposited by an 

electron beam evaporator to form the top protection layer and the sacrificial layer for 

inducing surface tension force, respectively (Figure 6.3d). Subsequently, the unwanted 

graphene areas, which were not protected by Sn and Al2O3, were removed by an oxygen 

plasma treatment in a reactive ion etching (RIE) system (STS 320) (Figure 6.3e). After 
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fabrication of 2D sandwiched graphene ribbons, RIE with CF4/O2 was used to achieve self-

assembly of 3D nanocylinders (Figure 6.3f,g). During this process, both the chemical 

reaction between the fluorine atoms and the Si substrate and the physical ion bombardment 

on the Si substrate can contribute to etching the Si underneath the graphene sandwiched 

structures (Figure 6.3f,g). Finally, the graphene sandwiched structures were released from 

the substrate. Simultaneously, both the physical and chemical reactions generate thermal 

energy, which melts the Sn, triggering grain coalescence. As a result of grain coalescence, 

surface tension force was induced in the film, curving the 2D structure out-of-plane to form 

the 3D nanocylinders (Figure 6.3g). After self-assembly, the Sn layer could be etched way 

by immersing into a nitric acid for 30 minutes. To minimize the effect of the capillary force, 

the sample is transferred into IPA bath and gently dried out in a critical point dryer 

(CPdryer 915B) (Figure 6.3h).   

6.2.3 Characterization of Graphene Quality and Tube Uniformity 

 A key objective of a successful self-curving process is the protection of the 

graphene. To verify the achievement of this goal, the properties of graphene before and 

after self-assembly are characterized by Raman spectroscopy (Figure 6.4a-e). In single 

layer graphene, the most prominent peaks are the G band (~1580 cm-1) and 2D band (~2690 

cm-1) [162]. In the Raman spectra collected from the 2D graphene ribbons and the partially 

and completely curved graphene nanocylinders, both dominant peaks of graphene, G and 

2D bands, are observed, proving that no critical damage is induced in the graphene (Figure 

6.4e). After self-assembly, the D band (~1350 cm-1) peak, representing defect and lattice 

disorder, appears and is stronger for samples with longer self-assembly times (Figure 6.4e). 
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In the 3D partially and completely curved graphene nanocylinders, the defects could be 

attributed to the increased density of edge defects and lattice disorder caused by stress or 

wrinkles induced during self-assembly. After self-curving, the edges of the ribbons curve 

towards the middle of the cylinder and cause a higher density of edge defects and lattice 

structural stress, leading to higher D band. To further quantify the defect level, the ratio of 

the D band intensity (ID) and G band intensity (IG), ID/IG, is calculated, which is around 1 

(representing low defect regime [162]) for completely curved graphene nanocylinders. In 

addition, the ID/IG ratio of about 1 is comparable with a lithographically prepared graphene 

ribbon [252], which means the properties of graphene are not severely affected by the self-

assembly process. Moreover, Raman images plotted based on G band are collected from 

samples consisting of entirely 2D graphene ribbons (Figure 6.2i), partially curved graphene 

nanocylinders (Figure 6.2j), and completed curved graphene nanocylinders (Figure 6.2k) 

to evaluate the overall graphene status throughout the structures (Figure 6.2m-o). For the 

2D graphene ribbons (Figure 6.2i), the Raman mapping image shows ribbon structures with 

the same dimensions of 1.5 µm × 15 µm (Figure 6.4a), indicating the high quality of the 

fabricated 2D graphene ribbons. After partially curved, the structures in the Raman image 

(Figure 6.4b) have the same reduced width as the curved nanocylinders shown in the 

corresponding scanning electron microscopy (SEM) image (Figure 6.2j). When the 

graphene nanoribbons are completely curved (Figure 6.2k), a continuous clear Raman 

image with dimensions of around 477 nm × 15 µm is still observed (Figure 6.4c), 

demonstrating the physical properties of graphene are preserved during the self-

assembly because of the graphene being sandwiched between two different 3 nm thick 
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layers of Al2O3. In addition, the effect of Sn etching on the graphene property is 

characterized by Raman image (Figure 6.4d) and Raman Spectrum (Figure 6.4e). The 

Raman image shows continuous shape that is similar to the nanocylinders after Sn etching 

(Figure 6.2l). Though the ID/IG ratio is slightly increased to 1.2, it still remains in the low 

defect regime. Both these two characterization results confirm the high quality of graphene 

after Sn removal process. 

 Further, the uniformity of the nanocylinders within the array is evaluated based 

on a previously developed method [251]. The diameter of seventy nanocylinders is 

measured and be plotted into a histogram (Figure. 6.4f). After applying Gaussian curve 

fitting, the full-width at half-maximum (FWHM) is used as the data to evaluate uniformity. 

Based on the measurement, FWHM is 16.6% for the array of the nanocylinders, which 

shows relative high uniformity.  
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Figure 6.4 a-d) The property of graphene is characterized by Raman imaging based on G 

band (1590 cm-1)  of a) the 2D graphene ribbon, b) partially curved cylinder, c) completely 

curved cylinder, d) completely curved cylinder after etching showing the same shape as 

the SEM image in Figure 6.2 (i-l). e) Raman spectrum shows that the two dominant peaks 

of graphene, G band (~1590 cm-1), and 2D band (~2680 cm-1), are preserved during self-

curving, confirming the quality of the intrinsic graphene properties. f) Analysis of 

uniformity in cylinder diameters between different cylindrical structures on the same 

sample, the data is based on sampling the diameter for 70 nanocylinders. 
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6.2.4 Control of the Tube Shape 

 The shape of the self-assembled graphene-based nanostructure is further 

controlled via tuning the design of the 2D graphene structures. By patterning the 2D 

graphene ribbon with dimensions of 1.5 µm × 5 mm, graphene-based nanocylinders with 

a diameter of 477 nm and a high aspect ratio (ratio of the length to the diameter) of around 

10,000 are achieved (Figure 6.5a-c). Even though the length of the self-assembled 

nanocylinders is in millimeter scale, the two edges closely touch each other throughout the 

entire length of the structure (Figure 6.5b,c), forming a uniform nanocylinder. To quantify 

the uniformity of the 5 mm long nanocylinders, Sixty of 1 µm long sections along the 

nanocylinders are taken as the sampling spot. The diameter of these sections is measured 

and be plotted into a histogram, which is then fitted by Gaussian curve (Figure 6.5d). The 

FWHM is used to evaluate the uniformity of the nanocylinder structure. FWHM of this 

long nanocylinder is 12%, which is 6% lower than the previous work [251]. This 

improvement can be attributed to the well-defined width of the 2D ribbon and the self-

stopping mechanism induced by the touching of two edges. Moreover, this self-curving 

process is feasible for fabricating 3D graphene nanocylinders with various other 

dimensions. Excluding the limitations of the size of graphene sheets and the abilities of the 

electron beam lithography (EBL) process, there is no limit to the length of the 3D graphene 

nanocylinders. By increasing the length of the 2D design, 3D graphene nanocylinders with 

significantly higher aspect ratios can be further achieved. Furthermore, instead of mismatch 

of crystallographic direction [253], a new strategy for fabricating twisted graphene-based 

nanocylinders is demonstrated for the reflow induced self-curving process, which is 

designing 2D ribbons with beveled edges (Figure 6.5e inset). As the etching rate is isotropic  
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Figure 6.5 Self-assembly of graphene-based a-d) long and d) twisted nanocylinders. a) 

SEM image of the overview of the 5 mm long graphene-based nanocylinders with a 

diameter of 500 nm. b, c) SEM images showing the zoomed-in image of the middle and 

end of the long nanocylinder, demonstrating uniform self-assembly throughout the 

structure. d) Analysis of the uniformity of the 5 mm long nanocylinders showing a diameter 

(D) of 466 nm along the length of cylinder and a FWHM of 6%. e) SEM image of the 

graphene-based twisted nanocylinder before and after self-assembly. The narrow ends of 

the ribbon will be released prior to the release of the rest of the structure, folding first. Upon 

further etching, the folding trend is preserved to achieve the twisted structure. 
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along the outline of the 2D ribbons, the sharp corner is released and starts folding earlier. 

Thus, a diagonal folding trend is initiated from the sharp corner, which determines the 

folding direction of the whole structure. With further etching, the remainder of the 

graphene-based ribbon is released and folds up along the initial folding direction, resulting 

in a twisted graphene-based nanocylinder (Figure 6.5e). The asymmetrical twisted 

graphene cylinders are particularly attractive for chiral plasmonic optofluidic sensors that 

can provide more detailed information about chiral biological molecules such as proteins 

and amino acids than conventional achiral spectroscopy-based sensing techniques using 

planar graphene [218].  Note that, as most of the long and twisted nanocylinders are 

completely released from the substrate, Sn etching process is not applied to these samples. 

However, with additional components of holding area or structure, it should be able to 

maintain its structure after wet etching process. 

6.3 Simulation of Plasmonic Behavior of Graphene Tube 
 

  The addition of an extra spatial degree of freedom to the 2D plasmonic graphene 

ribbons, drastically changes the localized surface plasmon resonances (LSPRs) in these 

structures, and consequently affects the associated near-field enhancement. The field 

enhancement at the resonance frequency directly controls the sensing capabilities of 

plasmonic sensors. Comsol Multiphysics was used to model the electromagnetic response 

of the 2D and 3D graphene structures. Graphene was modeled as a two-dimensional layer 

with surface conductivity as given by the Kubo formula. The fermi level of graphene was 

selected as 0.4 eV and the relaxation time was selected as 0.35 ps, these values were 

selected as reasonable approximation based on previous works with CVD graphene with  
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Figure 6.6. Schematics, and simulation results of the field enhancement in the graphene-

based 2D ribbon, half-way curved cylinder, 1% gap cylinder, and completely curved 

nanocylinder at the frequencies of their geometric resonance. (a-d) 3D and cross-sectional 

schematics illustrating the coupling directions in 2D ribbons and 3D partially and 

completely curved cylinders. (e-h) The near-field enhancement plotted on the surface of a 

a) 2D ribbon, b, c) partially curved cylinders, and d) completely curved cylinders. i-l) The 

cross-section images show the field enhancement in the ZX plane when an imaginary cut 

plane is placed at the edge of the structures at 6000 nm. m) The field enhancement in ZX 
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plane along the circumference at the ends of the structures (see the black arrow in e-h)). n) 

The field enhancements at the center of the gap in the halfway and 1% gap curved 

cylinders, at the surface of the completely curved cylinder along an imaginary edge, and 

on the surface of the ribbon. The corresponding values of field enhancement are plotted for 

the entire length of the structure along structural edges overlapping with cut plane as shown 

by the black arrow in Supporting Information Figure S5e-h. A strong propagating mode is 

seen along the edge of the cylindrical structure with 1% gap. o) The volumetric field 

enhancements along the length of the 3D structures are analyzed based on their ratio to the 

volumetric field in a 2D graphene ribbon. Volumetric enhancement is calculated by volume 

integrals of the field inside the 3D structures and for an imaginary rectangular box of 

thickness 119 nm placed on the 2D ribbon with lengths increasing from 100 nm to 6 µm. 

For all the cases m-o), the 3D cylindrical structures show stronger field enhancement 

compared to the 2D ribbon. The primary geometric resonant frequencies for the ribbon, 

halfway, 1% gap, and completely curved nanocylinders in e-o were found to be 3.6, 7.7, 

14.3, and 12.6 THz, respectively. 

 

 1000 cm2/V-s mobility, 0.25-0.50 ps relaxation time and fermi levels of 0.3-0.5 eV [235, 

254]. The frequencies of the LSPRs were determined from the transmission spectra of 

graphene structures (Figure 6.7a), and the resulting field enhancement at the resonant 

frequency were analyzed (Figure 6.6, Figure 6.7). As already shown in Figure 6.1d-f, the 

strong field enhancement at the edges of the 2D ribbon, is significantly modified in the 

case of curved 3D structures due to the increased field coupling between the opposite edges 

of the structures. For a 2D graphene ribbon with an incident plane wave, the strongest 
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 Figure 6.7. Simulation results of 2D and 3D graphene structures in vacuum. a) The 

normalized transmission through the structures. The self-assembly process causes a 

frequency shift in the resonance peak. b) Field enhancement plotted on the surface and 

cross-sectional planes for b) 2D ribbon, c) half-way curved cylinder, d) 1% gap cylinder, 

and e) completely curved 3D cylinder are simulated, showing the effect of geometry on 

field distribution and enhancement in graphene. f) Comparison of the field enhancement 

along the cross-sectional edge of the structures shown in c. g) Comparison of the field 

enhancement plotted at the center and along the length of the 2D ribbon and the 3D 

partially and completely curved structures. The normalized position is taken across the 

length and width of the structures similar to Figure 6.6. 
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 fields exists at the edges of the 2D ribbon and decays exponentially across the surface of 

the ribbon (Figure 6.1d). Based on the polarization of incident E-field, the only coupling 

in 2D ribbons exists across the lateral edges (width) of the nanoribbon (Figure 6.6a); but, 

due to the large distance between the opposing corners of the ribbon, the field at the two 

corners cannot interact. As the curvature is increased to form partially curved cylinders, an 

additional coupling exists between opposing surfaces at the bottom of the cylinder due to 

the decreased gap between them (Figure 6.6b,c). Finally, at maximum curvature, two forms 

of field couplings are induced in 3D graphene cylinders (Figure 6.6d). Firstly, similar to 

2D ribbons the plasmons along the entire circular edge (circumference) couple to 

neighboring points along the edge. Secondly, the small diameter of the cylinder allows the 

plasmon-generated field to couple across the opening to those points lying radially, 

horizontally, and vertically across the circumference.  The simultaneous edge and radial 

coupling along the entire circumference forms a uniformly coupled mesh across the 

opening and causes the uniform cross-sectional field at the openings of the cylinder (Figure 

6.1f). The effect of plasmon hybridization in 3D graphene nanocylinders is further 

accentuated when substrate effects are taken into account. Simulations were carried out for 

2D and 3D graphene structures in vacuum (refractive index = 1) and a silicon (Si)-like 1.5 

µm thick substrate (refractive index = 3.48). A strong degradation and localization of the 

plasmon near-field enhancement occurs due to the presence of the substrate, limiting the 

enhanced field to the corners of the ribbon only (Figure 6.6e,i), as opposed to 2D graphene 

in the vacuum where a uniformly decaying field can be seen across the surface of the ribbon 

(Figure 6.7b).    

 When 2D ribbons are curved, the spatial overlap of graphene with the 
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underlying substrates decreases, leading to a corresponding decrease in the substrate 

influence on the field enhancement. As a result, the partially (50% curved shown in Figure 

6.6f,j and 99% curved shown in Figure 6.6g,k) and completely curved nanocylinder (Figure 

6.6h,l) structures retain a stronger near-field enhancement spreading over a larger area, 

similar to freestanding graphene structures in vacuum (Figure 6.7c,d,e). For the 2D ribbon, 

the field enhancement at the edges (~3 × 102) is two orders of magnitude lower than the 

enhancement for a graphene ribbon in vacuum (Figure 6.7f,g), which  further decays by an 

order of magnitude when moving to the center of the ribbon (Figure 6.6m blue line, with 

normalized position taken across the ribbon width as shown in Figure 6.6i). On the other 

hand, for the halfway curved nanocylinder, a line-type substrate contact (Figure 6.6f,j) 

leads to minimal spatial overlap, as opposed to 100% surface-area contact in 2D ribbons. 

The lower overlap with the substrate, stronger field coupling between the points on the 

circumference of the cylinder as well as radial field coupling across the nanoscale openings 

of the cylinder leads to an enhancement (~5.5x103) that is two orders of magnitude stronger 

than in 2D ribbon and remains constant across the width of the partially curved 

nanocylinder (Figure 4m green line, with normalized position taken along the semi-circular 

circumference as shown in Figure 6.6j). Similarly, the completely curved nanocylinder 

(Figure 4h) undergoes an even stronger (~2.3x104) enhancement, which is nearly two 

orders of magnitude stronger than for a nanocylinder in vacuum (Figure 6.7f,g), through 

additional localized enhancement occurring between the curved graphene and substrate 

alongside twice as much radial coupling along the circumference at the opening of the 

nanocylinder. The simultaneous localization and radial couplings give rise to a virtual 

cross-sectional area of strong field enhancement at the opening of the completely curved 
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nanocylinder (Figure 6.6l). The 3D plasmon couplings at the openings of the completely 

curved nanocylinders induce a total integrated edge enhancement of 1149, which is 13 

times higher than the total field enhancement of 87 at the edge of the 2D ribbon. Moreover, 

the field enhancement induced in the 3D nanocylinder can be further modified via 

controlling the gap in the nanocylinder. 

   As shown in Figure 6.5b,c even for the completely curved nanocylinder 

structures, a sub-10 nm gap may exist between the two curved edges joining together which 

introduces the possibility of edge effects along the length of the structure. Simulations for 

the 99% curved nanocylinders (Figure 6.6g,k) reveal strong interactions between the two 

edges separated by a distance of only 15 nm that further enhances the coupled field at the 

center of the gap by an order of magnitude (Figure 6.6m, red line). It should be noted that 

inside the 15 nm gap of the 99% curved nanocylinder, the field enhancement is 300 times 

stronger than the maximum enhancement obtained even at the edge of the 2D ribbons 

(Figure 6.6m). The geometrically confined field in the partially curved nanocylinders exists 

along the entire length of the nanocylinders (Figure 6.6g).This leads to a field enhancement 

4 orders of magnitude (Figure 6.6n, red line) stronger when compared to that at the center 

of the 2D ribbon (Figure 6.6n, blue line). Oscillations in the field strength, seen in Figure 

6.6n (red line), indicate the highly confined propagating mode existing within the gap of 

the 99% curved nanocylinder. The strongly confined, high enhancement, propagating edge 

modes are particularly attractive for the development of graphene-based optoelectronic 

devices including plasmonic waveguides to achieve exceptional propagation lengths and 

figure of merit [255-257]. The completely curved nanocylinder does not show propagating 

modes, thus, supporting the conclusion that modes observed in the partially curved 
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nanocylinders are purely edge modes. However, at the center of the completely curved 

nanocylinders, even in the absence of the edge modes, the 3D coupling enables field 

enhancement that is an order of magnitude stronger than at the center of 2D ribbons.  The 

strong uniform field enhancement at the openings of the nanocylinders induced by radial 

and edge couplings (Figure 6.6j-l) can also be termed as volumetric enhancement, which 

is computed as an integral of the field enhancement at the cross-section of the openings. 

The total volumetric enhancement for the uniform field in a halfway curved nanocylinder 

is 20 times higher than the volumetric field in 2D ribbons over the full length (6 µm) of the 

structures (Figure 6.6o, green line).  

 

6.4 Vertical Aligned Graphene Tube for Optical Chirality 

6.4.1 Introduction to Optical Chirality 

Chirality is a geometric property of an object that does not have mirror symmetry 

[258]. Chiral geometries can result in various unique optical properties. For instance, 

circular dichroism, which refers to the differential absorption of left-handed polarized 

(LCP) and right-handed polarized (RCP) light, can be observed when linearly polarized 

light travel through a chiral structures. These unique optical properties have advances in 

various fields. One promising application lays in the study of biology and chemistry, where 

chirality widely exists. For example, molecules with different spatial configurations have 

distinctly different physiological responses to LCP and RCP signals.  

Because of the unique properties and promising applications, artificial chiral 

structures have attracted great attention recently. Significant development has been 
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achieved in both theory and experiment.  Au and Ag based nanostructures have been 

demonstrated to achieve optical chirality in visible spectral interval [259, 260]. However, 

it still remains challenging to achieve optical chirality in mid-infrared intervals, which 

brings great limitations for biological applications. This is because most of the vibrational 

modes of chiral biomolecules are located in mid-infrared intervals. Therefore, there is 

desperate need for realizing optical chirality in mid-infrared regime, which can contributes 

to enormous applications in biosensing and bioimaging. Graphene arise to be a strong 

candidate due to its unique plamson resonance regime. One graphene nanodisk array has 

demonstrated plasmonic circular dichroism in mid-infrared intervals, which can be 

potentially used for various biological applications [261].  

6.4.2 Limitation of 2D Patterns for Chirality 

Although mid-infrared plasmonic circular dichroism has been demonstrated in 2D 

graphene nanodisks, it typically requires strict oblique incidence, and the chiral responses 

are relatively weak. This limitation is because that optical chirality is based on the cross-

coupling of electronic and magnetic dipoles in parallel directions [262]. In the case of 

normal incidence, the induced magnetic dipoles in 2D structures are along the incident 

direction and, thus, perpendicular to the direction of electric dipoles, which makes them 

uncoupled and results in the lack of chirality [79]. Therefore, 3D graphene vertical helices 

are desirable platforms for boosting the advantages of graphene chiral properties in mid-

infrared intervals. Inspired by this theory, I have been working on fabricating 3D vertical 

graphene tubes (vertically aligned chiral nanostructures), in which we can define graphene 

helical patterns. 
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6.4.3 Attempt for Self-Assembly of Vertically Alligned Graphene Tubes 

To achieve a vertical aligned tube, it requires two steps assembly (Figure 6.8a). 

First, the released ribbon should be folded into a tube structure as indicated by white arrow 

in Figure 6.8a. Next, the tube should be lifted up and rotate 90 degree (blue arrow in Figure 

6.8a), forming the vertical tube (Figure 6.8b,c). This complicated assembly process can 

hardly be achieved without the assistance of real-time imaging. Therefore, I decided to use 

electron irradiation triggered assembly process as described in Chapter 4. 2D patterns that 

consist of 1 nm Cr, 3 nm Al2O3, 1 monolayer graphene, and 3 nm Al2O3 are defined through 

standard ebeam lithography and graphene wet transfer process. After being released by 

RIE process, the suspended 2D patterns (Figure 6.8a) are exposed under electron beam. 

The electron irradiation triggers crystallization of Al2O3, generating localized stress for 

self-assembly. By carefully tuning the irradiation area, the two-step assembly process can 

be achieved successfully, forming vertical tubes (Figure 6.8 b, c). 

However, the long time exposure of the electron beam induces vast amount of 

defects and destroy the graphene. Based on the Raman Spectrum (Figure 6.9), none of the 

three graphene dominate peaks, D band at 1340 cm-1, G band at 1580 cm-1, and 2D band at 

2680 cm-1, can be observed on the assembled graphene vertical tube. This significant 

damage is caused by the long time electron irradiation. Further work on dose optimization 

may provide a method to solve this problem and preserve graphene properties.  

Another potential strategy to achieve vertical aligned graphene tube without 

damage is to separate the two folding processes. The ribbon could be partially released first, 

which should still have small portion connected to the substrate. An invisible heating based 
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self-assembly process should be used first to trigger the self-assembly of tube (Figure 6.8a, 

white arrow). This folding process will self-stop when the two edges of the ribbon touch, 

forming a horizontally aligned tube on the substrate. Next, an additional RIE process 

should be carried out to fully release the tube structure. Then, the irradiation based in situ 

monitored process should be triggered to lift the tube up to be vertically aligned. The 

irradiation area can be confined to the end of the tube structure rather than the whole 

structures, minimizing the irradiation induced damage.     

 

Figure 6.8 Self-assembly of vertical aligned tube. a-c) Vertical tube without graphene (1 

nm Cr, 3 nm Al2O3).  a) SEM of the 2D pattern before assembly. b), SEM image showing 

the vertical tube after assembly, and c ) Tilted SEM image for the vertical tube. d-f) Vertical 

aligned Graphene Tube (1 nm Cr, 3 nm Al2O3, 1 monolayer graphene, and 3 nm Al2O3).  
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Figure 6.9 Raman spectrum of the graphene propreties on the assembled vertical aligned 

graphene tube. 

   

6.5 Quick Summary 
 

In this Chapter, I introduced a method for fabricating 3D graphene-based 

nanocylinders using a plasma triggered self-assembly process without sacrificing the 

unique physical properties of the 2D material. By designing the desired width, length, and 

shape of the graphene nanoribbons, graphene nanocylinders with an aspect ratio of 10,000 

and twisted nanocylinders have been realized. The self-assembly process incorporates the 

physical properties of pristine graphene into the 3D architecture, which induces novel 

optical properties stemming from uniquely out-of-plane coupled plasmon modes that 
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cannot be observed in 2D structures defined on planar substrate. The radial coupling of 

plasmons induces a uniform circular cross-sectional area of extreme near-field 

enhancement at the openings of the 3D nanocylinders. The edge-edge coupling and edge-

substrate coupling with minimal spatial contact between the graphene and the substrate in 

the partially curved graphene nanocylinders induce a propagating edge mode throughout 

the length of the cylinders with an electric field that is 4 orders of magnitude stronger than 

in the 2D ribbons.  
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Chapter7  

Conclusion 

 

 In this thesis, novel energetic irradiation (plasma, ion, and electron) triggered in 

situ monitored self-assembly processes are presented. This approach demonstrates precise 

motion control of structures in nanoscale, making it possible to achieve intricate 3D 

nanostructures with advance physical and chemical properties. The interactions between 

the irradiation and responsive materials, such as Sn, Al2O3, and polymer, are investigated. 

The responsive materials experience significant phase change, such as grain coalescence, 

crystallization, and reflow, under the energetic irradiation, which generate localized stress 

for self-assembly. The deeper understanding of the driving force of self-assembly 

contributes to better control of this dynamic process to achieve well-defined 3D 

nanostructures with desired configurations. Especially, the ion and electron beam are 

demonstrated to have the ability to simultaneously induce localized stress and provide real 

time imaging, making it possible to achieve in situ monitored self-assembly. The 

visualization of nanoscale assembly together with the controllable ion or electron beam 

significantly increase the yield up to almost 100%. Further, assisted by the design of 2D 

patterns or material layouts, sequential and reversible assembly are demonstrated in 

nanoscale. During these processes, electron irradiation works as “hands” to manipulate 

motion of nanostructures with desired order. By assigning each single assembly step in a 

particular order, localized motion can be selectively triggered with perfect timing, making 
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a component accurately integrate into the complex 3D structure without disturbing other 

parts of the assembly process. Moreover, by changing the voltage of electron beam, the 

focal plane can be precisely tuned from the top to bottom surface of a thin film. The repeat 

change of irradiation focal plane cause the movement of stimuli and finally lead to 

reversible self-assembly. The programmable sequential and reversible self-assembly open 

the possibility to various applications such as nanomachine and advanced optical devices.  

 The advantages of 3D nanostructures have been explored in two applications: gap-

based Au plasmonic cylindrical nanosensors and graphene nanocylindrical plasmonic 

optofluidic sensors. In the gap-based Au plasmonic cylindrical nanosensors, the 

automatically formed Au nanogap during self-assembly is used as the plasmonic hotspot 

for sensing. It is able to efficiently confine the light near the gap and create an area with 

higher electromagnetic field. Further, the cylinderical structure can work as a nanofluidic 

channel which can passively confine the biomolecules near the gap. The combined 

advantages of light and fluid confinement have been demonstrated to achieve higher 

sensitivity for detecting hemoglobin. In the graphene nanocylindrical plasmonic 

optofluidic sensors, the 2D graphene structure is folded into a 3D nanoclyinder, forming a 

3D nanocavity. The 3D formats enable unique graphene plamon hybridization, leading to 

volumetric light confinement. Simulation results demonstrate that 3D graphene 

nanocylinder can achieve an electric field that is 4 orders of magnitude stronger than in the 

2D ribbons.  

 The continuous study of in situ monitored self-assembly gives us more 

opportunities to control the motion of matters in small scale, which could trigger innovation 
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of advanced 3D fabrication techniques. With further understanding of the irradiation-atom 

interaction, it is possible to program the movement of single atoms, allowing highly precise 

3D fabrication with single atoms resolution. In addition, these self-assembled intricate 

architectures will be beneficial for exploring the advanced properties in nano-optics, nano-

electronics, and nano-mechanics. 
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