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Abstract 
 

 Three-dimensional (3D) photonic geometries are attractive for 

developing novel coupled optical modes that cannot exist in the two-

dimensional (2D) nano and microfabrication world. In this thesis, the various 

optical properties that can be induced as a result of 3D architecture are 

designed, fabricated, and characterized. Even for the well-established 

resonance in split-ring resonator-based metamaterials, the addition of the 

multiple planes of symmetric coupling or decoupling induce isotropic and 

anisotropic resonances for applications such as ultra-sensitive molecular 

analysis with two-fold advantage of frequency and amplitude monitoring for 

small concentrations and low on-chip power inclinometers with nanodegree 

sensitivity, respectively.  

The limited spatial coverage of the plasmon-enhanced near-field in 2D 

graphene ribbons presents a major hurdle in practical applications. The ability 

to transform 2D materials into 3D structures while preserving their unique 

inherent properties offers enticing opportunities for the development of 

diverse applications for next-generation micro/nanodevices. Diverse self-

assembled 3D graphene architectures are explored here that induce hybridized 

plasmon modes by simultaneous in-plane and out-of-plane coupling to 
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overcome the limited coverage in 2D ribbons. While 2D graphene can only 

demonstrate in-plane bi-directional coupling through the edges, 3D 

architectures benefit from fully symmetric 360° coupling at the apex of 

pyramidal graphene, orthogonal four-directional coupling in cubic graphene, 

and uniform cross-sectional radial coupling in tubular graphene. The 3D 

coupled vertices, edges, surfaces, and volumes induce corresponding 

enhancement modes that are highly dependent on their shape and dimensions. 

While most of this work strives to achieve multiple coupled planes of 

symmetry, the same ideas are also applied to achieve multiple 3D graphene 

geometries that break mirror symmetry across multiple planes. The 

asymmetric graphene induces giant optical activity (chirality) that has 

remained previously unrealized due to the 2D nature of graphene. The 

chirality induced within the 3D graphene chiral helixes is also a strong 

function of the geometrical parameters that are analyzed using a machine-

learning-based multivariate regression approach to determine the 3D 

geometry with the strongest chirality. The hybrid modes introduced through 

the 3D couplings amplify the limited plasmon response in 2D ribbons to 

deliver non-diffusion-limited sensors, high-efficiency fuel cells, and extreme 

propagation length optical interconnects. 
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Chapter 1 
 

Current State of Three-dimensional 

Graphene-based Materials  

1.1 Introduction        

 

  The mechanical exfoliation of a single layer of hexagonally arranged 

carbon atoms from bulk graphite by Geim, et. al. [1] led to the first step in what 

has been more than a decade of groundbreaking research in two-dimensional 

(2D) materials. Since then several types of 2D materials have been explored, 

such as graphene, graphene oxide (GO), transition metal dichalcogenides 

(TMDCs), and black phosphorus [2-4]. Each of these materials possesses its 

own extraordinary electronic, optical, mechanical, and permeation properties, 

making them model systems for the observation of unknown physical 

phenomena as well as being suitable to be used as building blocks for future 

devices [5-7]. However, the original 2D material, graphene, has continued to 

sustain its original momentum owing to its zero-gap band structure, 

extraordinary carrier mobility, intrinsic tensile strength of 130 GPa and 



2 
 

Young’s modulus of 1 TPa, superior optical absorption, and a high thermal 

conductivity of about 5 kW/mK [8,9].  

 Describing the many beneficial properties of graphene and their 

applications could fill a library many times over. Therefore, in the rest of this 

chapter, we focus only on the optical properties of graphene, their applications, 

limitations, and available transformation routes to realize novel devices.   

1.1.1 Plasmon excitation in graphene 

          The delocalized π-orbitals in graphene give rise to its extraordinary 

optical properties [10]. There are several routes available to control the light-

matter interaction in graphene, namely, electrical gating, structural 

engineering, and coupling between graphene layers [11-13]. In the infrared 

(IR) frequency regime, the photon energy overlaps with the elementary 

excitations in graphene, including interband and intraband electronic 

transitions, Landau level transitions, and plasmon excitations [14]. Especially 

the interband transitions in graphene are highly gate-tunable by electrostatic 

doping through Pauli blocking with carrier concentrations exceeding 1014 cm-

2. Furthermore, in the Drude weight that defines the intraband transitions from 

the valence to the conduction band is also related to the imperfect Pauli 

blocking, thus, similarly scaling with the gate doping [15]. The resulting 
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optical conductivity of graphene is thus composed of two components and can 

be given by the Kubo formula. In pristine graphene, the optical conductivity 

reduces to a universal frequency-independent conductance of σ(ω) = π.e2/2h, 

which corresponds to an absorption of 2.9% [16].  

These Dirac electron transitions in graphene under incident illumination 

can give rise to oscillations of charge carriers i.e. plasmon excitations, which 

are widely different from those occurring in metals. The large difference 

between the Fermi velocity in graphene and the speed of light leads to a 

momentum mismatch that does not allow direct excitation of plasmons in 

graphene. Plasmons in graphene can be excited through the creation of 

nanostructured geometries, the most popular of them being 2D graphene 

nanoribbons [17, 18]. Under plane wave illumination, the plasmon excitation 

in the 2D graphene ribbons gives rise to a strong near-field enhancement of the 

incident energy (Figure 1.1a). The plasmon frequency and the near-field 

enhancement scale with the width of the ribbon (Figure 1.1b) as given by, ωp 

α w-1/2, where ωp is the angular plasmon frequency and w is the width of the 

ribbon [19]. The near-field enhancement (NFE) in graphene can be given by 

NFE = (E0/Ei)
2, where E0 is the electric field amplitude under plasmon 

excitation and Ei is the incident electric field.      
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Figure 1.1 (a) Graph (log scale) showing the exponential increase in the 

maximum near-field enhancement for the 2D rectangular graphene ribbons 

when the width (and length) of the ribbon are reduced. Inset shows the 

illustration of a 2D graphene ribbon with length (L) and width (W) under 

plasmon excitation by an incident light with electric field (E), magnetic (H) 

field and wave vector (k) polarized in the direction as represented by the arrows 

(b) Simulated color map showing the variations in the field enhancement on 

the surface of the 2D ribbons of varying widths. 

 

1.1.2 Applications of graphene plasmons 

 

Owing to their extraordinary optical, electronic, and mechanical 

properties, two-dimensional (2D) graphene sheets have the potential to be an 

ideal platform for the observation of novel quantum phenomena and to serve 

as building blocks for future electronics, optoelectronics, and plasmonics [20-
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22]. In particular, tailoring the shapes and architectures of graphene has been 

studied to obtain new physical phenomena. For example, lithographically 

patterning graphene into quantum dots and nanoribbons produces a finite 

energy gap, leading to new properties such as quantum confinement effects, 

magnetism, spin-polarized edge states, and localized electron distributions [23, 

24]. The extreme light confinement by 2D graphene plasmons enhances the 

electric field around the graphene surface, making the near-field intensity 

several orders of magnitude higher than the incident wave. The long lifetime 

tunable plasmon resonance alongside superior mechanical properties in 

graphene have been utilized for a diverse range of applications such as 

reconfigurable metamaterials and optoelectronic devices for photodetection, 

vibrational spectroscopy techniques, solar cells, cell therapeutics, and light 

sources [25-29]. Out of all these diverse plasmon applications, a unique 

advantage further stems from the capability to perform mid-IR and Terahertz 

(THz) biosensing [30].  

Sensing and analysis of biological specimens in this spectral regime 

gives vital information about their primary structure, hydrogen and van der 

Waals bonds, molecular vibrations, molecular rotations, and chemical 

composition with peaks in the frequency spectra corresponding to each 

molecular resonance in the specimen (Figure 1.2a). The activation of DNA 
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mutations for a variety of diseases such as Alzheimer’s, sickle cell anemia, and 

cancers with short lead time and a requiring early intervention, is reflected by 

a modification in the protein molecules and DNA, respectively [31-33]. 

However, a three order of magnitude difference between the wavelength of 

incident light (micrometer scale) and size of biological molecules (nanometer 

scale) leads to extremely small absorption and indiscernible transmission 

peaks in the frequency spectrum (Figure 1.2b). The low absorption limits the 

sensitivity of optical detection techniques to millimolar range, acting as a 

significant hindrance in its application for early diagnosis requiring 

sensitivities in the picomolar range. The surface plasmons in graphene enhance 

the incident light by five orders of magnitude by confining it to nanoscale 

dimensions [34]. Unlike bio-sensing with conventional metal plasmonics, the 

graphene plasmon can be spectrally tunable with an electrical gate, allowing 

one to obtain full vibrational spectra information i.e. the absorbed molecules 

fingerprint. The specimens can couple to the plasmon field through molecular 

vibrational modes. When the plasmon and the phonon resonance coincide, the 

plasmon reveals a narrow transparent window in conjunction with the broad 

main plasmonic spectral resonance. This narrow transparency is a result of the 

destructive interference between the plasmons and phonons. This phonon-

induced transparency effect underlies the basic principle for detecting the 
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vibrational modes of adsorbed molecules, hence allowing spectral 

determination of the chemical “fingerprint”. Due to the spectroscopy-like 

nature of the information obtained, it also provides a clear advantage in signal-

to-noise ratio as compared to conventional electronic biosensors. Recently, 

several plasmonic sensing devices based on graphene nanostructures have been 

developed for detecting various targets such as chemical compounds, 

biomaterials, and gases [35-38].  

 

Figure 1.2 (a) Biomedical Applications of Terahertz (THz) Spectroscopy [30]. 

(b) Graph showing the optical transmission amplitude for bovine protein (black 

line) as well as the variations in real (red line) and imaginary (green line) part 

of protein’s relativity permittivity with frequency, which cause the optical 

resonances. 
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1.2 Limitations of 2D graphene plasmons 

  
 

Any external molecule that is brought into the vicinity of the enhanced 

electric (E) field at the surface of the graphene-based sensors, causes a change 

in the refractive index of the interface proportional to the dielectric properties 

of the target molecule. For a GNR with the incident E-field polarized along the 

width of the ribbon, the incident photons give rise to a strong NFE at the 

corners and edges of the ribbon. The NFE is directly proportional to the 

intensity of the photons that will be absorbed by the targeted molecule and is 

thus a key parameter in determining the performance of the sensor. For a GNR 

of width 500 nm, the NFE drops by 64% even 20 nm away from the surface 

(Figure 1.3a). At low concentrations of analyte (<100pM), the detection is 

primarily limited by diffusion of the molecules to the surface of the GNR due 

to the exponential decay of the enhanced E field away from the surface, which 

occurs for all plasmon frequency and GNR widths (Figure 1.3b). This 

constraint limits the sensitivity of plasmonic sensors to 1x10-12 mol/cm2, which 

fails in analysis of single protein or molecules with a radius of 2 nm that require 

a minimum detection limit in femto and atto moles [39-42].  
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Figure 1.3 Change in the near field enhancement obtained at the surface of the 

ribbon for (a) width = 500 nm and Length = 2000 nm, and (b) Width = 50 nm 

and Length = 200 nm when the position is increased away from the surface of 

the ribbon (black line) and on the surface away from the edge of the ribbon 

(red line). 

 

1.2.1 Methods for 2D plasmon hybridization 

 

           Rectangular nanoribbons were the first candidates for inducing direct 

plasmons in graphene; however, they are not the best candidate for mid-IR 

sensing techniques. In order to achieve a stronger absorption of the incident 

light and induce a stronger NFE, diverse forms of 2D graphene have been 

investigated [43], chief among them being arrays of graphene nanodisks [44-



10 
 

47], tapered graphene [48,49], and hybrid plasmons in gap structures [50,51] 

and metal-coupled acoustic plasmons [52-54] as shown in Figure 1.4a-d.  

 

Figure 1.4 (a) Scheme of graphene nanodisk arrays. A graphene monolayer is 

transferred to an In–In2O3/BaF2 substrate and subsequently patterned with e-

beam lithography. The ion-gel was spin-coated on top of the graphene 

nanostructure, and the Au gate contact deposited on the top [55]. (b) Diagram 

of the metallized AFM tip (shown in yellow) illuminated by an infrared laser 

beam with wavelength λ0 and the near-field amplitude image acquired for a 

tapered graphene ribbon on top of 6H-SiC [48]. (c) Schematic of the proposed 

2D metal-gap-dielectric system, composed of a gap domain G between two 

semi-infinite domains Metallic and Dielectric. The H-GGP mode is assumed 

to propagate along the y-axis [51]. (d) Schematic illustration of the acoustic 
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plasmon resonator architecture and coupling routes to plasmon modes for a 

plane wave normally incident with TM polarization [52]. 

 

The graphene nanodisk arrays can achieve a stronger absorption of the 

incident light, increasing from 3% in pristine graphene to 30% in closely 

spaced arrays where the extinction cross-section of each disk is designed to be 

comparable to the area of the unit cell [55].  In contrast, the tapered graphene 

geometries achieve a stronger shift of the Fermi level (and consequently a 

higher sensitivity) through hotspots of greater confinement due to higher 

plasmon energy density at the tapered tip, increasing nearly 20 times [56]. In 

addition, the careful design of their array composition and distance between 

constituting elements can lead to gap-based plasmon modes and acoustic 

plasmons. Both these coupled plasmon techniques follow a similar concept 

where a larger hybrid plasmon mode volume is achieved as well as larger 

“hotspots” on the graphene monolayers compared to the conventional edge 

plasmon modes in graphene. However, the hotspots induced in these 2D arrays 

are highly localized due to non-uniform 2D coupling, which also leads to 

broadening of their spectra and reduces the signal to ratio. The incorporation 

of metals and dielectric in acoustic graphene plasmons can also achieve a 

stronger nearly perfect absorption of the incident IR light.  However, the 
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perfect absorption in acoustic plasmons is not accompanied by a proportional 

increase in the near-field enhancement, which remains similar to that of 2D 

graphene nanoribbons. Thus, each of these 2D techniques namely, varied 

graphene geometries and coupling while having their merits, continue to suffer 

from a severe drawback of exponential field decay in the out-of-plane direction 

resulting in surface-diffusion-limited sensitivities. 

 

1.3 Pathways towards fully 3D graphene 

 

 Even with the above noted advantages of 2D graphene forms, they 

continue to suffer from the low spatial coverage of their enhanced near-field 

(Figure 1.5a). Furthermore, in the case of insulating substrates such as SiO2 

and h-BN, the planar two-dimensional graphene plasmons couple strongly 

with the substrate surface polar phonons as a result of large spatial overlap 

[57].  The substrate-dependent damping effect is further amplified in the case 

of semiconducting substrates such as silicon. The strong coupling between the 

substrate carriers and the graphene plasmons results in energy dissipation due 

to non-radiative surface plasmon relaxation. The substrate coupling has been 
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shown to degrade the quality factor of the plasmon resonance by two orders of 

magnitude as compared to pristine graphene [58]. The ohmic losses also 

significantly reduce the near-field enhancement limiting the enhanced field to 

only the corners of the ribbon, as opposed to pristine graphene where a 

uniformly decaying field can be seen across the surface of the ribbon (Figure 

1.5b).   

 

Figure 1.5 (a) Dependence of absorption cross-section, ΔA, on the molecular 

layer properties for a single nanodisk with Fermi level EF = 300 meV plotted 

as a function of the distance, h, between the nanodisk and the molecular layer 

for different values of the layer thickness, t [44]. (b) Graph showing the change 

in electric field enhancement across the width of the 2D ribbon showing the 

two order of magnitude reduction on silicon (red line) compared to the 

enhancement in vacuum (black line). 
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 One technique used to overcome the surface-limited fields is to extend 

graphene in the out-of-plane direction. A large number of techniques have been 

explored to achieve these “three-dimensional” forms of graphene [59, 60]. For 

each of the 3D forms of the properties of the resulting graphene and its 

applications are completely dependent on the 3D geometry and the fabrication 

processes involved in the realization of the structure. Here we take a look at 

some of the widely studied 3D graphene structures, their benefits, and 

shortcomings. 

1.3.1 Metal-insulator-metal linearly stacked 

structures for 3D graphene 

 The graphene-insulator stacks (Figure 1.6 a, b) are formed in a manner 

to be similar to photonic crystal structures through the alternating deposition 

of graphene and a thin insulator layer, where the collective oscillation of Dirac 

fermions is unambiguously quantum-mechanical [61]. Compared to single-

layer graphene, which has a weak dependence of plasmon resonance on the 

carrier concentration, distributing carriers into multiple graphene layers 

changes their behavior from conventional semiconductor superlattice with a 

higher oscillator strength than previously explored single-layer devices. The 

optically equivalent carrier density in these stacked graphene structures is 
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larger than the sum of those in the individual layers and given by 

 [62].  

 

Figure 1.6 (a) Scheme of graphene stacks showing the patterning of the 

multilayer device into desirable structures. Patterned disk arrays are shown. (b) 

SEM image (false colour) of a stacked graphene/insulator microdisk array 

arranged in a triangular lattice (d = 2.6 µm and a = 3 µm. (c) Extinction in 

transmission, 1−T/T0, in stacked plasmonic devices with one, two and five 

graphene layers [61].  (d) Variation of FWHM and DA with different No. of 

graphene layer N from 1 to 5 at EF = 1.0 eV [68]. 
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 Thereby, enhancing the plasmonic resonance frequency and magnitude 

as a direct consequence of the unique carrier density scaling law of the 

plasmonic resonance of Dirac fermions. Even if the stacks are separated by a 

large distance such that quantum mechanical coupling cannot take place, there 

exists an intrinsic gating of graphene layers with each other such that the 

interlayer spacing can be used to modulate the phase velocity and reflection of 

the incident light [63,64]. The stacks also benefit from allowing independent 

control of the complex conductivity of each layer within the stack and 

enhanced control on the stack’s equivalent complex conductivity.  These 

advantages of 3D graphene stacks have used for a variety of advantages such 

as tunable far-infrared notch filters with 8.2 dB rejection ratios, terahertz 

antennas, linear polarizers with 9.5 dB extinction ratios, optical switches, and 

biological sensors with a higher detection accuracy, DA (reciprocal of full 

width at half maximum, FWHM) [65-68].  

 

1.3.2 Porous scaffold-like composite structures for 

3D graphene  

 The first introduction of 3D graphene was in the form of 3D graphene 

aerosols fabricated by a freeze-drying method [69] This was followed closely 
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by self-assembly and template-directed fabrication of 3D graphene-based 

aerogels, hydrogels, organogels, sponges, and foams [70-73] (Figure 1.7). 

Here, sponges and foams are interchangeably used by researches with the only 

distinguishing factor being the degree of reversible compression allowed by 

them. These types of 3D structures offer two distinct advantages especially for 

energy applications. Firstly, as opposed to 2D graphene, the 3D structures 

avoid restacking, which would otherwise cause the electrocatalytic properties 

to degrade by acting as a barrier to active sites and increase the resistance to 

mass transfer [74]. Secondly, the surface area for these porous structures 

increases as they favor rapid mass [75]. These advantages have prompted the 

application of these 3D graphene structures in biomedical equipment, 

supercapacitors, fuel cells, and other energy storage and conversion devices 

[76-80]. The 3D graphene foams upon annealing induce currents in their walls 

that rapidly attenuates in resistive networks to convert into thermal energy 

[81]. Thus, delivering them with superior optical properties through stronger 

absorption intensity, broader qualified bandwidth, and much lower density for 

THz applications such as optical communication, sensing, imaging, shielding, 

and ultrafast photonics [82-84]. 
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Figure 1.7 Morphology and structure of graphene aerogels microlattice with 

(a) Optical image and (b) SEM images [60]. (c, d) SEM images of graphene 

foams with different scales [84]. (e) Transmittance spectra of graphene-PDMS 

composite in the wide spectral range (1400 nm–200 µm) [83]. 

 

1.3.3 Template-driven hybrid geometries for 3D 

graphene  

 The 3D hybrid graphene structures are fabricated primarily by two 

techniques (Figure 1.8). Firstly, by directly transferring graphene onto a 

substrate with pre-deposited nanoparticles or prefabricated 3D nanostructures 

like pyramids and nanopillars, where graphene forms a uniform coating on the 

surface of the substrate, achieving 3D graphene-based nanostructures [85-87]. 

Another approach that has been investigated involves growing graphene on a 
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3D nanostructure, such as nanowire, by using chemical vapor deposition 

(CVD) [88]. This may be followed by etching of the initial nanostructure after 

the growth to result in a suspended 3D graphene structure. The underlying 

template used in both these approaches is usually metallic and forms an active 

layer.  The graphene transferred onto the gold pyramid and nanorod structures 

have been shown to boost the hot spot density for surface enhanced Raman 

scattering (SERS), such that graphene electrons at the plasmon hot spots 

contribute to a large fraction of the plasmon modulation in the visible regime. 

Each additional electron changing the plasmon scattering intensity by about 

one thousandth [87], resulting in an enhancement factor of over 1010 for label‐

free single molecule sensing [85]. Even in the absence of underlying metal 

plasmons, the graphene plasmons in these 3D structures can be rapidly excited 

with a higher efficiency for both s and p polarizations [89]. On the other hand, 

the graphene nanorod structures that are CVD grown on nickel demonstrate 

broad troughs in their conductance curve with a varying gate voltage [88].  

Thus, signifying that the 3D structures are less susceptible to the substrate bias, 

which could be explained as a consequence of weaker capacitive coupling due 

to the cavity created inside tubular graphene structures [90]. These 

characteristics of templated 3D graphene have been shown to have unique 

benefits in the applications of graphene for photodetectors, optical modulators, 
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polarizer, phototransistors, and plasmon resonance sensor [91-94]. 

Figure 1.8 Schematic illustrations and SEM images of the 3D graphene hybrid 

structures showing (a) 3D graphene structures fabricated on gold nanorods 

[87]. (b) 3D graphene structures fabricated on hexagonally arranged gold 

nanopyramids [85]. (c) 3D graphene structures fabricated on silica nanopillars 

[89]. 

  

1.3.4 Corrugated and wrinkled structures for 3D 

graphene  

 The graphene wrinkles (Figure 1.9a) can be fabricated with a high 

uniformity through an array of fabrication processes such as optical forging 

through pulsed laser beams [95], strain engineering [96,97], heat-induced 
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contractile deformation of the underlying substrate [98], graphene transfer onto 

a substrate decorated with nanoparticles [99], differential thermal expansion 

coefficients of graphene and substrate [100], thermal-vibrations and 

interatomic interactions in the C-C bond [101], and rapid evaporation of 

aerosol droplets [102]. Electrical transport measurements in graphene ripples 

with a width lower than 10nm have shown an intrinsic bandgap of 0.1 eV with 

an on/off ratio in wrinkled graphene field effect transistors (FET) of 30 and a 

resistivity of ∼56.8 kΩ/sq [103]. The electronic properties of these graphene 

wrinkles are a strong function of their geometrical parameters namely, height, 

shape, folding angle, (Figure 1.9b) which in turn controls the path taken for 

electron transport whether it is across, over or tunneled through the wrinkles 

[104]. The larges surface area and negligible doping effects from the substrate 

make them an ideal candidate for enhanced chemical reactivity useful in 

nanoelectronic applications [105]. Near-field imaging of plasmons in wrinkled 

graphene (Figure 1.9c) has shown significant plasmon reflections when the 

height of the wrinkles is larger than the plasmon wavelength [106]. The 

separation distance of the wrinkle tip from the substrate also leads to a variable 

doping profile across the wrinkle for additional modulation of the plasmon 

reflection. The plasmonic properties of these graphene wrinkles can be utilized 

for nanoscale tunable dampers in photoelectric information detectors, 
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transmitters, and modulators [107]. For smooth wrinkles, the dielectric 

environment mediates plasmon scattering with a strong suppression when 

graphene is placed between two dielectrics with the same refractive indices. In 

contrast, for sharp corrugations, the graphene plasmons are strongly reflected 

even for wrinkles much smaller than the plasmon wavelength [108]. 

 

Figure 1.9 (a) AFM topography and infrared near field amplitude image at 

1000 cm-1 of graphene wrinkles on SiC substrate. (scale bar is 500 nm) [106]. 

(b) Schematic illustration of three classes of graphene wrinkles [104]. (c) Near-

field optical signal profiles of graphene wrinkles with different optical 
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conductivities at a wrinkle position. Wrinkles with increased or decreased 

optical conductivity give different line shapes. [107]. 

 

1.3.5 Bubble structures for 3D graphene 

3D graphene nanobubbles (Figure 1.10) could be formed intrinsically as 

an adverse by-product of the fabrication process or through extrinsic 

engineering of the graphene form. Intrinsically, when placed on a substrate, 

due to the impermeable nature of graphene, there may be gas molecules may 

be trapped underneath it to form bubbles such that the number of gas 

molecules,  elastic properties of graphene, and the interfacial adhesion between 

graphene and substrate control the bubble diameter and height [109]. 

Extrinsically, the bubbles can be formed by the etching of the underlying 

substrate that causes released gases to get trapped within graphene such as HF 

or irradiation-based etching of SiO2/Si substrate under graphene [110]. 

Another extrinsic technique utilized templated graphene assembly onto 

polymethyl methacrylate (PMMA) latex spheres [111]. An advantage of the 

former technique is through the control of graphene bubble geometry by an 

external electric field through electrostatic interactions, allowing their 

application in adaptive-focus lenses, supercapacitors, and even pressure 



24 
 

sensors for low-cost artificial skin [112-115]. The optical activity within them 

is especially attractive due to the potential for graphene nanobubbles on 

hexagonal-boron nitride (h-BN) substrates to act as an effective plasmonic 

cavity for trapping plasmons with sub-hundred-nanometer spatial confinement 

[116]. Hybridization of the graphene plasmons with the longitudinal optical 

phonons of h-BN can lead to an enhancement of the optical band at 817 cm-1 

[117]. The suspended bubbles preserve the longitudinal h-BN modes while 

suppressing transverse optical h-BN modes. Furthermore, the highly confined 

hotspots for an ideal platform for plasmon-enhanced IR spectroscopy of 

nanoscale objects. The targeted biomolecules can be encapsulated inside the 

bubbles preserving an aqueous environment to monitor structural changes in 

molecules while they grow within the volume of bubbles.  

Figure 1.10 (a) AFM topography scan of triangular, square, and spherical 

bubbles on BN substrate [112]. (b) SEM image of a single layer graphene flake 
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after exposure to HF vapor, showing the microscale graphene bubble [110]. (c) 

Theoretical calculations of the local plasmon wavelength (λp) and dispersion 

diagrams of a modeled heterostructure with the height of the bubble. [116]. 

 

1.3.6 Macroscopic art-inspired structures for 3D 

graphene 

 Two paper-based art forms that originated in Japan, are well known 

worldwide namely, Kirigami (the art of cutting and stretching paper into 3D 

forms) and Origami (the art of folding paper into 3D forms). Both these art 

forms have been widely investigated for the development of nano and 

microscale devices [118]. When replacing the “paper” with graphene to yield 

the 3D structures via Kirigami, the most important design parameter becomes 

easy bending and crumpling denoted by large values of Föppl–von Kármán 

number, γ, which is the ratio between in-plane stiffness and out-of-plane 

bending stiffness [119]. The kirigami graphene pyramids have been shown to 

provide ballistic behavior for higher absorption of kinetic energy through 

multi-step dissipation mechanisms, enhancement of stretchability by 10 times 

compared to pristine graphene, and four orders of magnitude tunability of 

thermal conductivity [120-122]. No studies to date have been performed on the 
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plasmonics in these graphene structures, however, the electronics properties 

have been shown to be strongly dependent on the degree of elongation of the 

kirigami graphene structures [123]. At a small degree of stretching, the 

effective coupling between localized states is strongly reduced; but there 

occurs resonant tunneling at longer elongations. The kirigami structures enable 

the realization of coupled quantum dot array systems through alternating 

miniband and stopgap structure in the transmission, which has also been shown 

to realize negative differential conductance within certain energy levels.  

 

Figure 1.11 (a) Molecular dynamics snapshots showing different stages of 

ballistically impacted single-layer graphene kirigami pyramid [122]. (b) 

Stretchable graphene kirigami structure and its application in stretchable 

transistors. The paper models show the geometries of graphene kirigami 
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deformed in 2D or 3D [119]. Reversibility of the temperature-induced self-

folding for origami graphene with (c) only graphene and (d) graphene with 

rigid  SU8 petals for better stability and reversibility but with increased 

thickness [130]. (e) Graphene–glass bimorphs can be used to fabricate 

numerous 3D structures at the micrometer scale such as the bidirectional 

folding motifs [128]. 

 

 Origami-based 3D graphene structures have been investigated to a larger 

extent than kirigami structures due to their energy applications [124]. The 

origami-inspired structures can be formed through different water 

absorption/desorption, hydrogenation, differential near IR absorptions, and 

heat-based thermally responsive folding [125-127]. The complex origami 

techniques have yielded diverse programmable graphene robots that can adopt 

predesigned shapes, walk, turn a corner, and create nanocages for storage and 

release of chemicals [128]. Moreover, they have been proposed for spintronic 

applications because of enhancement in spin-orbit interaction due to the 

curvature of the origami-inspired structures, which allows them to carry spin-

polarized currents and have gaps in the electronic spectrum in the presence of 

weak magnetic fields [129]. The electronic properties of the 3D graphene 

origami structures are also affected much like in kirigami-inspired structures 
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with the current-voltage (I-V) curves transforming to non-linear. The 

structures enable shifting of the Dirac point upon folding and an increase in the 

resistance with the folding crease due to their behavior as a tunnel barrier for 

the current flow [130].  

          

1.4 Quick summary 

          Table 1.1 is a quick summary of all the current 2D and 3D techniques to 

enhance or tune the intrinsic properties of graphene from nanoscale to 

centimeter scale. The table lists the geometry achieved, dimensionality, 

advantages, applications, and the disadvantages for a clear comparison 

between the existing methods.  
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Table 1.1 2D and 3D approaches for enhanced graphene properties 

 

 

  

Configuration Type Materials Advantages Application Disadvantages 

Nanoribbons 2D Pure graphene Strong edge 

scattering, 

direct SPP 

Optical and 

electronic 

devices 

Low tunability, 

Substrate 

coupling effects 

Nanodisks 2D Pure graphene 30% stronger 

absorption  

IR Plasmonic 

biosensors 

Diffusion-

limited sensing 

Tapered 

triangles 

2D Pure graphene 20 times 

higher tip 

confinement 

Adsorbed 

molecule at tip - 

sensing  

Limited spatial 

coverage and 

point sensing. 

Nanogap 

plasmons 

2D Graphene-

dielectric array 

Large surface-

area coverage 

Waveguide, 

sensing 

Low quality 

factor spectra 

Acoustic  

plasmons 

2.5D Graphene-metal-

dielectric 

Perfect 100% 

absorption 

IR molecular 

spectroscopy 

Low near-field 

enhancement 

Linear stacks 3D Graphene-

insulator-

graphene 

High tunability 

of plasmon 

resonance 

Antenna and 

communication 

devices 

Low sensitivity 

and figure of 

merit 

Porous scaffold 3D Graphene oxide, 

graphene 

composites 

Rapid mass 

transfer and 

catalysis 

Energy storage 

& conversion  

Low 2D Raman 

band, high 

defect count 

Templated  

structures 

3D Graphene-metal 

or graphene-

insulator hybrid 

materials 

Low substrate 

coupling, UV 

enhancement 

of 1010 

Photodetectors, 

modulators, and 

polarizers 

Lower doping 

tunability, No-

uniform, high 

stress. 

Corrugated  

wrinkles 

3D Pure graphene Chemical 

reactivity, 

large plasmon 

reflections 

Tunable 

dampers for 

communication 

devices 

Short plasmon 

propagation 

length, difficult 

integration. 

Nano and Micro 

Bubbles 

3D Pure graphene Plasmon 

hotspot inside 

the bubble 

Adaptive-focus 

lenses, artificial 

skin 

High pressure 

inside bubble, 

injection of 

molecules. 

Art-inspired  

Kirigami 

2D-

3D 

Pure graphene 10 times more 

stretchable, 

negative cond.  

Coupled 

quantum dot 

arrays 

Hard to integrate 

and maintain 

Art-inspired  

Origami  

 

2D-

3D 

Pure graphene, 

graphene -SU8, 

graphene-glass, 

graphene oxide 

Spin-orbit 

interaction, 

nonlinear 

resistance 

Programmable 

robots, FET, 

spintronics 

Microscale or 

larger, low 

uniformity & 

predictability 
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Chapter 2 
 

Three-dimensional Coupling in Self-

Assembled Metamaterials 

2.1 Limitations of existing 3D graphene 

technologies        

 

The previous chapter established some of the unique advantages and 

applications of 3D graphene structures but also revealed some of their 

disadvantages. The linear stacks of graphene show a high detection accuracy 

but suffer from a corresponding lower sensitivity and figure of merit (FOM). 

Moreover, graphene foams, aerogels, and other scaffolded structure cannot be 

fabricated out of pristine graphene and are usually composite structures with a 

high defect density where plasmon resonance cannot be induced. The pure 

graphene structures forming the graphene nanorods, wrinkles, and bubbles 

where the plasmon resonance can be induced still suffer from short plasmon 

propagation lengths with a low quality-factor (Q-factor) of resonance, non-

uniformity and high stress in their geometry, and lower tunability of their 
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plasmon wavelength. The plasmon hotspots in each of these 3D structures are 

not rapidly accessible by the targeted molecules due to the impermeability of 

graphene while the fabrication processes place stringent requirements on 

alignment and the underlying substrates.  

The 3D configurations have demonstrated an ability to overcome some 

of the conventional limitations in 2D graphene structures, but they also come 

with their own set of severe drawbacks for plasmonic vibrational spectroscopy 

applications. The art-inspired graphene origami is perhaps one of the ideal 

candidates for further development of 3D graphene, but the current microscale 

forms do not reveal anything about the optical and electronic properties of 

graphene. Recently, these origami-inspired approaches have evolved from 

millimeter (mm) to nanometer (nm) scale into self-assembled polyhedral 

metamaterials and mass spectrometers especially suited for tri-axial sensing 

technologies [131,132]. In this chapter, we detail how the three-dimensional 

coupling in such self-assembled structures can reveal new optical phenomena 

and achieve unique advantages for device applications.  
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2.2 Advantages of 3D sensing through self-

assembled polyhedrons 

 

The vast potential of the emerging 3D sensing technologies across a 

wide range of industries has prompted a desire to realize single devices with 

full 3D awareness. The development for a lot of these 3D devices has followed 

cues from 3D sensors already existing in the five human sensory organs that 

allow humans to see, hear, feel, smell, and taste as well as equally developed 

and even far superior forms in the plant and animal kingdom [133]. 3D-

structured sensors, compared to the 1D or 2D, inherently offer unique, 

advantageous spatial sensing capabilities in the directional measurements and 

the positioning of sensing source. While a cubic arrangement is utilized as the 

predominant structure in 3D sensing systems, we are not limited to a cubic 

arrangement when constructing 3D sensors. Non-polyhedral, 3D-structured 

can have a partial spatial coverage in terms of sensing capability with 

restriction mainly resulting from the fact that their 3D-structured sensing 

components are bounded on a substrate or noncubic surface [134-137].  

The 3D polyhedral sensors form an ideal platform to measure 3D spatial 

information in a 3D space (Figure 2.1a). The polyhedrons enable 

simultaneously probing of the displacement in position, orientation, and 
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directional information in the Cartesian coordinate system. Their fabrication 

as free-standing sensors separated from the substrates allows them full spatial 

sensing coverage, which otherwise cannot be achieved in other bound 3D 

sensors. Unlike macroscale sensors, novel fabrication strategies (origami-

inspired self-folding, Figure 2.1b) are required to realize the sub-millimeter-

sized cubic sensors [138-140]. The fabrication of orthogonally aligned 3D 

sensors is especially attractive through the origami procedure due to the 

simplification of the conventional multistep fabrication procedures such as 

layer-by-layer lithographic patterning and monolithic integrations. One class 

of these 3D sensors stems from 3D transformation of traditionally 2D split-

ring resonator (SRR)-based metamaterials. In the following section, we 

explain the properties of SRRs that have attracted so much attention and the 

need for their 3D transformation. 

Figure 2.1 (a) Schematic of a 3D orthogonal sensor with triaxial sensing 

ability. (b) Schematic diagram of a three-axis cantilever cubic device. [133]. 



34 
 

2.3 Properties and limitations of 2D split-ring 

resonator-based metamaterials 

 

Split-ring resonator (SRR) based metamaterial structures have been 

extensively studied because of their relatively sharp spectral resonances as well 

as their ability to manipulate electromagnetic waves and produce strong 

confinement of the magnetic (H) field within the arms of the resonator and the 

electric (E) field confinement within the split. The split contributes capacitance 

to the resonant frequency which is directly proportional to the relative 

permittivity. The confinement of the E field within the capacitance-controlling 

split makes it a hotspot that has higher sensitivity than the surrounding areas 

where the electric field is much weaker. Hence, when a SRR is exposed to a 

biomolecule (Figure 2.2a), a large shift in resonant frequency is seen as a 

function of the relative permittivity of the external molecule near the split 

(Figure 2.2b) [141]. The dependence of the resonant frequency on the 

aforementioned parameters has allowed SRRs to be used in a wide range of 

sensors to detect microorganisms [142-144], strain [145], dielectric constants 

[146], and displacement [147] without the effects of ambient temperature and 

pressure. Especially, THz SRR-based biosensors offer an attractive avenue for 

the development of small-scale, label-free detectors capable of being 
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introduced orally or intravenously due to their microscale dimensions, which 

are comparable to that of most microorganisms, and the nonionizing nature of 

THz radiation [148,149].  

 

Figure 2.2 (a) Illustration of permittivity change due to microorganisms in the 

sample. (b) Simulated response for change in resonant frequency with 

permittivity of surroundings (c) Transmission characteristics of a 2D C-shaped 

split-ring resonator showing the angular dependence of incident THz light 

[155].  

 

However, the polarization dependence of the SRR transmission 

response poses a major drawback. For example, when the H field is polarized 

perpendicular to the split-containing arm of the resonator, the structure is in 

first mode (magnetic resonance). However, when the E field is polarized 

perpendicular to the split-containing arm of the resonator, the structure is in 

second mode (electric resonance). As the SRR is rotated from 0° to 90°, the 

first mode decreases and the second mode increases (Figure 2.2c); the reverse 
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phenomenon takes places on rotating from 90° to 180°. The maximum first 

mode transmission amplitude (Tθ) achieved at θ = 0° decreases as a function 

of the rotation angle such that transmission, T(θ), at any angle (θ) is given by 

T(θ) = 1 – (1 – Tθ)|cos2 θ| [150]. This presents an ambiguity in the transmission 

spectrum, such that variation due to the presence of external molecules cannot 

be discerned from the rotation of structures (SRRs), thus limiting their 

application as sensors when the orientation of the resonator is difficult to 

control such as in-vivo detection processes.  

 

2.4 Fully Anisotropic three-dimensional SRR 

for triaxial optical inclinometers 

 

Research into the simultaneous resolution of rotations across all three-

dimensions has gained momentum to analyze the position and orientation of 

medical microbots [151] that can provide in-vivo detection, diagnosis, and 

drug delivery to allow fast, minimally invasive treatments. The primary tasks 

for these devices become the need to collect, transmit, and store a wide range 

of data as they traverse the body. For maximum efficiency of main circuit 

components in these limited space and power systems, it is necessary for the 
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secondary navigation components to be remotely monitored as well as to be 

reliable i.e. not affected by the temperature and pressure of the environment 

surrounding the microbots [152]. Thus, opening the route to SRR-based  

micro-machined angular sensors due to their environmentally invariant 

resonance, low on-chip power, angle-dependence of spectrum, and remote 

sensing capabilities.  

 

2.4.1 Design of full anisotropy in 3D cubic SRR  

When the incident wave is parallel to an SRR (θy = 90°), a very weak 

resonance is observed (Figure 2.3 a,b). Using a cubic point of symmetry form 

a face-centered SRR lattice (Figure 2.3e) such that for any rotation a 

measurable transmission exists even for θy = 90° because at least two 

resonators have the incident wave perpendicular to them (Figure 2.3f). 

However, resonators of fixed length, L, on cubic structures do not transduce 

an angle variant response for 180° rotation around any axes. (θ° is not 

distinguishable from θ ± 180° and -θ°), such that the transmission spectrum for 

30°, 150°, 210°, and 330° perfectly overlap each other (Figure 2.3 g,h). Thus, 

limiting the sensing range to 180° for 3D cubic SRRs. 
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2.4.1.1 Variable length 3D cubic SRR 

One solution here is to replace the single dimension SRR with resonators 

of varying sizes. If there are 3 resonators of length L1, L2, and L3 on each face 

(Figure 2.3i), there exist three different resonant frequencies for the cubic 

structure (Figure 2.3j). If we choose SRRs of length L1 = 72 µm, L2 = 54 µm 

and L3 = 36 µm resonates then their 1st mode resonant frequency becomes 

0.28 THz, 0.38 THz, and 0.52 THz, respectively.  

This, in turn, causes a transmission where the first three peaks at 

different frequencies represent the fundamental (1st mode) resonance of each 

resonator and the amplitude of each of the three peaks can give the angle of 

rotation. For such a cubic SRR, angle θ° is distinguishable from θ ± 180° and 

-θ° such that the transmission spectra for 30°, 150°, 210°, and 330° are visibly 

different from each other (Figure 2.3k). However, their sensing range remains 

limited to 180° as the resonators give the same response for rotations of angle 

0° and 180° along any axis (Figure 2.3l). Hence, the cubic inclinometer with 

resonators of varying length can sense rotations from 0-360° about all three-

axes except for the special case where θx = θy = θz = 180°.  
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Figure 2.3 Illustration of two- and three-dimensional split-ring resonators 

(SRRs) and their simulated transmission response. (a) A conventional, two-

dimensional SRR with L = 36 µm, g = 4 µm, and a = 48 µm, that can be rotated 

along the X-, Y-, and Z-axis at angles θx, θy, θz degrees, respectively. (b) The 

weak transmission observed when rotated about Y-axis (θy) as opposed to the 

strong first mode (θ = 0°) and second mode (θz = 90°) (c) Overlap of the first 
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resonance at 0.52 THz for rotations of 30°, 150°, 210°, and 330° about the Z-

axis. (d) Transmission for the initial position (θ = 0°) and (θz = 180°), with 

isotropy for any angle θ and nπ ± θ (n = 1, 2). (e) A cubic three-dimensional 

split ring resonator with L = 36 µm, g = 4 µm, and a = 110 µm, capable of 

maintaining a high signal to noise ratio (SNR) when rotated along all three-

axes. (f–h) Simulated transmission response of the cube showing, (f) the high 

but ambiguous transmission response when rotated about Y-axis, (g) an 

isotropic transmission response for any angle θ and nπ ± θ (n = 1, 2) similar to 

the 2-D resonator, and (h) perfect overlap of the transmission at 0° and 180°. 

(i) A cubic rotation sensor with varying resonator length along each axis with 

L1 = 72 µm, L2 = 54 µm and L3 = 36 µm while ‘g’ and ‘a’ are kept constant as 

before. (j–l) Simulated transmission response of the cube showing, (j) the 

ability of the cube to maintain the high transmission for Y-axis rotation, (k) 

significant changes in transmission between rotations of angle θ, and nπ ± θ 

(n = 1, 2), and (l) special case of a 180° rotation that perfectly overlaps the 

θ = 0° initial position [153]. 
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2.4.1.2 Variable angular offset in cubic 3D SRR 

To extend the sensing range, it is necessary to break the 180° symmetry 

in the transmission response for at least one of the resonators, such that the 

entire cube loses its 180° isotropy. A solution here is to individually tilt each 

of the resonators about their axis so L1, L2, and L3 are now tilted at angles βy, 

βz, βx, respectively (Figure 2.4a) causing a change in their transmission 

amplitude. It can be clearly seen that two resonators (L2 and L3) demonstrate a 

period of 180° (Figure 2.4b), whereas the L1 resonator does not demonstrate 

any symmetry in its transmission amplitude. For respective Z- and X-axis 

rotations of L2 = 54 µm and L3 = 36 µm (βz and βx increase), the first mode 

amplitude decreases till of 90° and increases beyond it due to a transition from 

first mode to second mode when tilted from 0° to 90° and vice-versa from 90° 

to 180°. L3 resonator has the incident wave (k) parallel to the plane of the 

resonator causing a lower transmission amplitude. The resonator with 

L1 = 72 µm defined along the Y-axis is also parallel to the incident wave, but 

the resonator (L1) undergoes a resonance condition with the plane of the 

magnetic field (H) lying parallel to the plane of the resonator. This polarization 

produces strong electrical and magnetic resonances within the SRR at its 

fundamental resonant frequencies but without the conventional 180-degree 

period. The electrical resonance disappears only for βz = 0°, whereas the 
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magnetic resonance never reaches 0 dB. For all increments of βy from 0° to 

200°, a resonance amplitude ranging from 10 to 4 dB was seen for the 1st mode 

of the L1 resonator.  

The electrical resonance (second mode) of the L1 resonator occurs at 

0.52 THz, same as the magnetic (first mode) resonance for the L3 = 36 μm 

resonator. The transmission amplitude at 0.52 THz is thus a superimposition 

of these two individual waveforms, the resonators cannot be called as coupled 

since they continue to resonate at their individual resonant frequencies as in 

the absence of the other. This superimposition of the waveforms enhances the 

ability of the cubic structure to distinguish angles for all values of θ and (nπ ± θ, 

n = 1,2) except for θx,y,z = 0° (0° and 180°), where the electrical resonance 

(2nd mode) for the L1 resonator goes to zero. Only at βy = 0°, 180°, the 

transmission amplitude of the resonator (L1) with the magnetic field plane 

lying parallel to the plane of the resonator demonstrates a change of 1.2 (dB), 

a small change that gets easily masked by the smallest coupling with the L2 

and L3 resonators, forcing the perfect overlap of the transmission response for 

θx,y,z = 0°, and θz = 180°.  
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Figure 2.4 Effect of the angular offset on the anisotropy of the 3D 

inclinometer. (a) Cubic rotation sensor with an angular offset of βx, βy, and βz 

for each resonator L3, L1 and L2, respectively. (b-d) simulation results for the 

cubic sensor. (b) The variation in the first mode resonance strength as a 

function of the angular offset obtained by placing only 1 of the 3 resonators at 

a single time to avoid couplings; L2 and L3 have a 180° period but the L1 

resonator has no symmetry in its transmission (c) Graph showing the 

anisotropic effect of adding angular offset; the resonator L1 demonstrates a 

significant change in amplitude for a 180° rotation about any axis. (d) Zoomed 

in graph of (c) showing the variance in transmission of the L1 resonator [153]. 
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If the resonator is now tilted by an angle of βy then, on an 180° rotation 

of the cube around the Y-axis from the initial position, the total rotation 

experienced by the L1 resonator changes. If βy = 20° at the initial position, then 

on rotating the cube by θy = 180°), the effective angle of the L1 resonator 

changes to 200° configuration with a change in transmission of 2.25 dB 

between 20° and 200°. Similarly, when the cube is rotated by 180° along the 

X-axis (θx = 180°), the L1 resonator with βy = 20° initially, it now experiences 

an angle of 160° configuration causing a total change of 140° corresponding to 

a change of 2.35 dB change in the transmission amplitude between the two 

configurations. Similarly, a 180° rotation about the Z-axis (θz = 180°) causes a 

320° change in the position for the L1 resonator that causes a 5.45 dB change 

in the transmission amplitude [153]. It could be argued that for a rotation of 

θy = -20°, and θy = 160°, the cubic structure will once again reach the non-tilted 

structure resulting in the original βy = 0° and 180° configurations, respectively.  

However, when tilted about the Y-axis at βy = 20°, the coupling of the 

L1 resonator with L2 and L3 changes, such that the small difference previously 

seen in the transmission response of the L1 resonator between βy = 0° and 180° 

positions is no longer masked by the coupling with L2 and L3 resonators, 

leading to a distinguishable amplitude difference of 2.66 dB between θy = -20°, 

and θy = 160°, overcoming any ambiguity in the transmission response (Figure 
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2.4c,d). Each resonator is tilted about its axis to respond to all the polarization 

directions of the light with tilt angles (βx, βy, βz) chosen to maximize 

transmission at initial cube position of θx,y,z = 0°.  

 

2.4.1.3 Full 360-degree sensing range in cubic 3D SRRs 

Following the addition of the angular offset,180° isotropic limitation of 

the SRRs can be overcome to resolve rotations of any angle θ about various 

axes and even for angles 180 ± θ°. When the resonator is rotated from the initial 

position by an angle of θz = 180°, the L1 resonator shows a large change in the 

transmission amplitude, whereas the L2 and L3 resonators retain their initial 

transmission. While for rotation along the Y-axis (θy) by a random angle, the 

resonators L2 and L3 demonstrate a large change in the transmission amplitude 

(Figure 2.4c). A lower change is seen (~2 dB) for the transmission amplitude 

of the L1 resonator (Figure 2.4d) on 180° rotations than previously discussed 

(2.25 to 5 dB) due to the minor coupling between the planar resonators on each 

cubic face, which attempts to mask change in L1 transmission.  
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Figure 2.5 Simulation results for the rotation of the 3D cube. (a) Cubic 

inclinometer rotated about X-, Y-, and Z-axis at angles θx, θy, and θz, 

respectively. Variation in resonance strength of each resonator obtained by 

simulating rotations along (b) X-axis, (c) Y-axis, (d) Z-axis in steps of 15° 

from 0-360° proving that for no two angles do the values of all three resonators 

overlap each other. The resonance amplitudes are obtained at the resonant 

frequencies of the L1 (0.28 THz), L2 (0.32 THz), and L3 (0.52 THz) resonators 

[153]. 

 

The cubic sensor can be along each axis to form angles θx, θy, and θz 

along the X-, Y-, and Z- axes (Figure 2.5a). Rotations of 0° to 360° in steps of 
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15° are performed from along X- (Figure 2.5b), Y- (Figure 2.5c), and Z-axis 

(Figure 2.5d) with magnitude of the transmission peaks measured at 0.28, 0.32, 

and 0.52 THz. The transmission amplitudes of all the resonators can be 

calibrated to resolve the rotation angle. The simulated transmission amplitude 

of all three resonators does not show the exact same value for any two rotation 

angles about X-, Y- or Z-axis, thus removing any ambiguity in the 

measurement of the angle of rotation of the cubic sensor. The SRR lengths 

were chosen as 72 µm, 54 µm, and 36 µm since their 1st mode resonance does 

not spectrally overlap. Distinct values need to be given for the three tilt angles 

to break the 180° coupling symmetry; thus, resonators 72 µm, 54 µm, and 

36 µm were tilted at angles βy = 20°, βz = 15°, and βx = 10° about their axis, 

respectively. The lowest tilt angle (βx = 10°) was assigned to the L3 SRR since 

at the initial position of the cube it has the lowest transmission amplitude of 

the 3 SRRs and decreases further with increasing tilt angle. For the L2 SRR, 

the transmission amplitude increases between 0°-20°. However, if we choose 

20° as the tilt angle for the L2 SRR, then the L1 SRR would need to be 25–30° 

which will reduce its transmission amplitude significantly and due to its large 

dimension will make it difficult to accommodate on the face of the cube with 

a periodicity similar to the L2 and L3 SRR. Thus, the tilt angle of 15° was 

chosen for L2 SRR and a tilt angle of 20° for L1 SRR. 
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2.4.2 Fabrication of cubic SRR inclinometers  

One important fabrication requirement is for any additional components 

apart from the SRR (e.g. the cube) to be transparent within the frequency range. 

The 500 μm sized cube with tilted SRRs was fabricated using a self-assembly 

process [154]. The 300 nm thick gold (Au) SRRs were patterned on a cubic 

surface with SU-8 2010 (MicroChem) panels and SPR 220–7.0 

(MEGAPOSIT) hinges. On top of the electroplated Au SRRs, 10 μm thick SU-

8 panels and 21 μm thick hinges for the cube of SPR 220–7.0 positive 

photoresist are patterned. The 2D structure before self-assembly consists of six 

SU-8 panels, Au SRR arrays on each face of the panel, and SPR 220 polymer 

hinges (Figure 2.6a). The SPR 220 hinges to reflow under high temperature 

and generate a surface tension force that triggers the self-assembly to fold the 

structure (Figure 2.6b). On cooling, the SPR 220 hinges became solid again 

and secured the 3D cubic structure (Figure 2.6c). The fabrication process has 

two advantages, first, only the Au SRR is present as the resonant material 

(Figure 2.6d). Second, the entirely polymeric composition of the cube ensures 

that no noise or coupling of the SRRs to the cube frame can distort the 

spectrum. Following the reflow of the SPR 220 polymer hinge, the 2D net 
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forms the 3D cubic structure (Figure 2.6e), with two faces containing a 5 × 5 

array of 72 µm (tilted at 20°), two faces containing a 6 × 6 array of 54 µm (tilted 

at 15°), and two faces containing a 9 × 9 array of 54 µm (tilted at 10°) Au SRRs 

on the outside of the cube. Through uniform heating, the 2D planar structures 

can be folded uniformly by a surface tension force generated by the hinge 

material into 3D cubic structures within several seconds to a few minutes 

depending on the temperature applied to the hinges. The resulting cubic 

structure is mechanically and thermally stable under 100 °C (the melting point 

of the re-solidified polymer hinges). 

Figure 2.6 Fabrication process for the Triaxial inclinometer. (a) Illustration of 

the two-dimensional planar configuration before the self-folding is initiated, 

showing the SU-8 panels, the Au SRRs and the SPR 220 hinges (b) Illustration 

of the self-folding process, demonstrating the melting of the hinge causing it 

to flow and generating a surface tension force that slowly lifts up and folds the 

panel to a 90° angle (c) Illustration of the folded 3D cubic structure through 
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surface tension driven self-assembly, where the SU-8 panels form the faces of 

the cube once the hinges re-solidify (d) Optical images of the fabrication 

process for the cubic SRR inclinometer, starting with the patterning of Au 

SRRs, followed by the deposition of SU-8 panels and the SPR 220 hinges. (e) 

Optical Image of the 500 μm three-dimensional cubic inclinometer consisting 

of 5×5 array of 72 μm resonators (tilted at 20°), 6×6 array of 54 μm resonators 

(tilted at 15°), and 9×9 array of 36μm resonators (tilted at 10°). Resonators on 

the opposite faces are identical. [153]. 

 

2.4.3 THz spectroscopy of cubic SRR inclinometers  

The sensor was characterized using terahertz time-domain spectroscopy 

(TDS) (0.2 THz to 0.8 THz). A single cube was attached to a piece of double-

sided Scotch Tape (material transparent to THz wave) and was placed at the 

center of a circular aluminum aperture of diameter 3.8 mm (Figure 2.7a). A 

THz pulse generated from a commercial GaAs emitter passed through the 

aperture and cube and was received by a detector. The cube was placed such 

that at the initial position, the face of the cube with resonators of length 72 µm 

and resonant frequency 0.33 THz faces the incoming light. The aperture of 

diameter 3.8 mm generates a cutoff frequency of 0.07 THz which results in 
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maximum transmission drops of 0.8 at the initial 0° position (Figure 2.7b). The 

measured transmission response has the same 3 resonant frequencies 

representing each resonator as the simulated spectrum. The cube was attached 

to a rotational mount so that the rotation of the cube along Z-axis could be 

precisely controlled. Rotations performed for randomly chosen angles show 

the ability of the cube to distinguish between various angles. On rotating the 

cube by an angle of 180°, the transmission amplitude changes (Figure 2.7c). 

The cube demonstrated a large change in transmission amplitude for at least 

one or more resonators on random rotations (Figure 2.7d). The cube was 

rotated in steps of 20° from 0° to 360° and the transmission amplitude of each 

of the resonators at their resonant frequency was plotted with respect to the 

angle of rotation (Figure 2.7e). The amplitude of each resonator varies under 

rotation with no complete overlap. Thus, by finding the amplitude of all three 

peaks, the angle of rotation can be detected. 
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Figure 2.7 THz TDS measurement results for the cubic inclinometer. (a) 

Optical image of the experimental setup. (b) Measured transmission response 

demonstrating a clear change in transmission and breaking of the 180° isotropy 

of the cube. (c) Measured transmission response displaying the ability of the 

cube to distinguish various angles when rotated about any axis through a 

change in transmission. (d) Measured frequency spectra of the cubic structure 

observed while rotating the cube about the direction of wave vector (k) in steps 

of 40° (e) Measured variation in the transmission response at the fundamental 

resonant frequency of the 3 resonators defined on the faces of a cube when 

rotated along the wave vector (k). [153]  
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2.5 Fully isotropic octagram split-ring 

resonators 

 

In the previous sections, we discussed the need to avoid the ambiguity 

in SRR transmission response from the angle variance when applying them for 

biological sensing. In this section, the design of an angle invariant SRR is 

detailed along with its fabrication and measurement.  

 

2.5.1 Design of Octagram SRR for full isotropy 

2.5.1.1 C-shaped and Symmetric SRR structures 

As explained in the previous section, a 2D conventional SRR can never 

deliver a perfect overlap or perfect disorder. A step forward is superimposition 

in a unit cell with four resonators (Figure 2.8a) where two of them (SRR1 and 

SRR3) have a magnetic field perpendicular to the gap (first mode), while the 

other two (SRR2 and SRR4) have an electric field perpendicular to the gap 

(second mode). In such a configuration, during rotations of the structure about 

the z-axis, decrease in first mode resonance of SRR1 will be compensated by 

a proportional increase in the first mode for SRR2 and vice versa for the second 

mode as well. SRR3 and SRR4 ensure that the resonators within the unit cell 
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couple equally in all directions. While this configuration corrects for z-axis 

rotations, other issues arise when 3D rotations of the SRR substrate are applied; 

the first mode resonance shows a large change in the resonant frequency, as 

well as the transmission amplitude (Figure 2.8b). Therefore, the 2D SRR 

structures even with varying orientations within a unit cell cannot provide a 

three-dimensionally isotropic transmission response.  

 

Figure 2.8 2D and 3D coupled SRRs that can be subjected to 3D rotations 

consisting of (a, b) a 2D array of SRRs demonstrating simultaneous first and 
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second modes and an anisotropic response for 3D rotations. (c, d) a 3D cube 

that is structurally invariant for 90° rotations. (e, f) Symmetric two-

dimensionally coupled resonators with the unit cell consisting of a 3 × 3 array 

of X-shaped symmetric resonators. [155] 

 

Even for 3D cubic SRRs (Figure 2.8c), the splits continue to be two-

dimensional; this induces nonuniform coupling between the resonators on 

different faces, resulting in multiple resonance behaviors (Figure 2.8d). In each 

SRR, the resonant arms containing the split couple strongly to their neighbors 

owing to the electric field confined within the split. For the cube shown in 

Figure 2.1c, at the initial position and for rotations about any axes (θx, θy, or 

θz), a total of two resonators always have the split perpendicular to the direction 

of the E and H vectors or the wave vector (k) and hence could keep the overall 

superimposed transmission response invariant for some specific rotation 

angles. For instance, at θy=45°, the structure shows a large shift in first mode 

resonant frequency as well as the transmission amplitude. This large difference 

in amplitude between θy=0° and 45° can be attributed to the change in the 

resonance of the SRR1 resonator. At the initial position (θy = 0°), SRR1 has 

the E field perpendicular to the split of the SRR and the incident light parallel 

to the plane of the resonator, giving it a weaker second mode resonance than if 
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the light was incident perpendicular to the plane of the resonator. SRR2 and 

SRR3 have first mode resonance at the initial position; however, since SRR3 

has the E field perpendicular to the plane of the resonator and the incident light 

parallel to the SRR plane, it does not produce any significant resonance. On 

rotating the cube (θy = 45°), the incident light is not completely parallel to 

SRR1 any longer; thus, it undergoes a stronger second mode resonance, 

causing an increase in the transmission amplitude. Similarly, SRR3 also 

undergoes a stronger first mode resonance at θy = 45° than at the initial 

position. For the standalone case a proportional decrease in the first mode 

resonance of SRR2 should have been seen, thereby keeping the total 

transmission response constant. However, due to the presence of four SRRs 

with strong E field within their split at the first mode resonance in close 

proximity to each other, there exists a strong coupling between them, resulting 

in an anisotropic resonance behavior. 

Symmetric resonators that minimize the switching between the first and 

second modes of the 2D C-shaped SRRs and compensate for the nonuniform 

coupling to their neighbors can overcome these limitations. To realize a 

symmetric array of resonators, an X-shaped configuration on a planar substrate 

can be considered. Due to the shape dispersing in multiple directions, the 

resonator at the center of the unit cell couples equally in all directions in the 
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XY plane (Figure 2.8e). However, the resonator at the edges can only couple 

to half as many resonators since the resonators at the edges have fewer 

neighbors than the resonators at the center. This produces multiple 

transmission drops (Figure 2.8f) corresponding to the resonance of each SRR 

within the unit cell. The first drop corresponds to the resonance of the SRR at 

the center of the unit cell as seen by the strong surface current for the center 

SRR at 0.25 THz. The peaks at higher frequency correspond to the edge and 

corner SRRs, giving them a higher surface current at a frequency of 0.64 THz. 

When the 2D non-uniformly coupled cell is rotated along any direction, the 

transmission response is rendered incomprehensible due to the multiple 

resonances. Similar results are obtained for the 2D unit cell consisting of nine 

partially symmetric C-shaped SRRs. 

 

2.5.1.2 3D coupling in octagram resonators 

Some of the design considerations become uniform neighbor coupling 

and minimization of the switching between SRR modes. Folding the 

symmetric SRR 2D unit cell into a 3D cube consisting of six faces with 

resonators on each face forces them to couple to their neighbor through the 

split created at the corner of the cube (Figure 2.9a), thus forming a fully 
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symmetric eight-pointed 3D star (octagram). The resonator split on the top face 

of couples equally in all directions to the resonators on the side walls of the 

cube, which in turn couple to the resonator on the bottom face. A strong 

uniform coupling between the segments on each face of the cube at the split 

causes a high field concentration at the corners. Since the split and resonators 

couplings are three-dimensional and orthogonal, it is equally affected by the 

E, H, and k vectors for all orientations of the cube. Thus, the 3D split gives an 

isotropic transmission response at 0.13 THz and with an angle invariant 

transmission amplitude (Figure 2.9b) and strong surface currents on all the 

cubic faces. 

 

Figure 2.9 (a) Isotropic frequency surface composed of a 3D Au OSRR on an 

SU-8 cube of length (b) Single isotropic transmission peak at 0.13 THz for the 
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500 μm cube which is invariant for any rotations of any angle about the x-, y-

, and z-axis. (c) Uniform current distribution of the 3D coupled resonator on 

the faces of the cube with the arrows showing the direction of the surface 

current. (d) Graph of maximum change in transmission seen between the initial 

position and the angles in part (b) as a function of the split gap length in the 

OSRR. [155] 

 

Each segment in the OSRR induces resonance in its neighbor, creating 

a surface current on the entire 3D resonator surfaces. The coupling is 

dependent on the split gap such that at small gaps (1.5-16 μm), the strong 

coupling between the resonators cause the entire cube to act as a single unit 

with well-defined isotropic resonance (Figure 2.9d). The coupling between 

resonant pairs decreases as the gap increases (g ≥ 21 μm), causing them to act 

as six independent anisotropic resonators. Addition of a 2D gap at the center 

of each face of the individual resonators of the 3D OSRR also reverts them to 

non-uniformly coupled anisotropic 2D resonators. Thus, a 3D OSRR with a 

orthogonal corner split that is equally mediated by the incident light, as well as 

the magnetic and the electric field polarization, creates a perfectly isotropic 

and well-defined transmission response [155]. 
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2.5.1.3 Effect of 3D coupling on sensing performance 

 

Figure 2.10 (a) Graph showing the shift in resonance per unit volume (δfr) of 

targeted molecules (as a function of the permittivity due to the molecules) for 

the 3D coupled OSRR when compared to the 2D coupled symmetric X-shaped 

SRR. (b) Change in transmission response of the cube due to rising glucose 

level evaluated at different levels (inset, showing the resonant frequency and 

transmission amplitude for the permittivity corresponding to each glucose 

level). [155] 

 

The resonant frequency, fr = 1/(LC)0.5 changes proportionally to the 

relative permittivity (ϵr) of the biomolecule being detected (where L is the 

inductance due to the gold resonant structure and C is the capacitance of the 

2D/3D splits). The permittivity corresponds to any changes in the exposed 

biomolecule with simulations carried out for free-space permittivity from 1 to 
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6. For a 2D array of SRRs with small volumes of a target molecule, only one 

of the resonators may demonstrate a change in resonance, which cannot change 

the overall transmission response. The strong neighbor couplings in 3D OSRR 

cause a domino reaction, providing the isotropic 3D coupled OSRR with a 

much higher sensitivity than the corresponding 2D coupled SRR. This results 

in small permittivity changes (Δϵr = 6) having 10-25 times higher frequency 

shift for the 3D OSRR as compared to the 2D planar SRR (Figure 2.10a).  

To monitor small molecular changes, the detection ability of the 3D 

OSRR structure was assessed for smaller variations in permittivity (maximum 

Δϵr ≈ 0.35). One such example is the monitoring of rising levels of glucose in 

the blood. Glucose was chosen as an example to assess the performance of the 

OSRR due to the widely established relationship between refractive index and 

concentration of glucose in blood [156]. Three are three levels of interest: first, 

the baseline level before eating (fasting); second, the level after eating that 

most humans temporarily undergo; third, the critical level, which can result in 

adverse consequences if not treated immediately. The corresponding 

maximum change in relative permittivity for the three levels between 7 and 20 

mmol/L is only 0.35. At fasting, glucose level is 7 mmol/L and ϵr = 2.1025, the 

resonant frequency of a 3D OSRR was 0.105 THz. After eating level is 10–11 

mmol/L and the relative permittivity ϵr = 2.28, shifting the resonant frequency 
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to fr = 0.100 THz (Δfr = 0.005 THz). The resonant frequency appears to remain 

constant between 7 and 10 mmol/L and between 11 and 20 mmol/L, 

representing the relative permittivity range 2.1-2.45 (Figure 2.10b). The actual 

change in resonant frequency between the concentrations of 7 and 10 mmol/L 

is 0.002 THz but the spectral resolution for most THz TDS systems is limited 

to 0.005 THz, making the resonant frequency appear to be constant.  

The permittivity change between 7 and 10 mmol/L is accompanied by a 

transmission change of ∼6.6 dB. The small shift (0.002 THz) in the position 

of the peak maxima causes the large change in amplitude, which subsequently 

modifies the amplitude at the previous resonant frequency (∼5.9 dB change). 

A similar phenomenon occurs when the concentration increases from 11 

mmol/L to 20 mmol/L. In contrast, under similar conditions the 2D array 

would not be able to transduce any reliable signal since the amplitude change 

could also be attributed to a change in orientation of the structure. The isotropic 

nature of the 3D OSRR means that for large changes in permittivity the 

resonant frequency can be monitored for the detection of the molecules, but 

even for smaller changes in permittivity that cannot cause a shift in resonant 

frequency, the amplitude can also be monitored since there are no other 

parameters except substances around resonators that can cause it to change. 

Thus, the 3D OSRR with a polarization-invariant isotropic transmission has a 
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large detection range including large changes in the composition of the 

substance (permittivity) producing a change in resonant frequency and smaller 

changes in the targeted substance causing a change in transmission. 

 

2.5.2 Fabrication of octagram SRRs  

The self-assembly process described previously can also be used to 

realize the isotropic resonators. A 10 nm chromium (Cr) adhesion layer 

followed by a 300 nm thick copper (Cu) layer was deposited using electron 

beam evaporation on a silicon (Si) ⟨100⟩ wafer. The Cu layer acts as a 

sacrificial layer, as well as a seed layer for a subsequent electroplating process 

used for depositing 300 nm thick Au OSRR. Following the electroplating of 

the Au OSRR (Figure 2.11a), ∼10 μm thick SU-8 polymer panels were spin 

coated and patterned via a conventional photolithography process (Figure 

2.11b). Lastly, ∼21 μm thick polymer hinges of SPR 220-7.0 positive 

photoresist were patterned between the panels (Figure 2.11c). The 2D structure 

was submerged in APS copper etchant 100 (Transene) for 3 hours to etch the 

Cu sacrificial layer and release the structure from the substrate. The released 

2D structures were transferred to water and placed on a hot plate for the self-

assembly process. When heat energy is applied to the 2D structure, the SPR 
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220 hinges melt and reflow, generating a surface tension force to fold the 

structure. After locking of the hinges is achieved at a folding angle of 90°, the 

heat source is removed. On cooling to room temperature, the SPR 220 hinges 

re-solidify and secure the 3D cubic structure (Figure 2.11d). Following the 

reflow of the SPR 220 polymer hinge, the 2D net folds into the 3D cubic 

structure, with each face containing the symmetric resonant segments that 

together form the 3D OSRR with split gap length ~2 μm on the outside of a 

cube with SU-8 panels. 

 

Figure 2.11 Fabrication process for the 3D OSRR. (a) Deposition of a Cr/Cu 

sacrificial layer by e-beam evaporation on a Si substrate followed by 

electroplating of 300 nm thick Au OSRR. (b) SU-8 spin coating and patterning 

by photolithography for the formation of panels with dimensions 500 × 500 × 

10 μm. (c) SPR 220 spin coating and patterning by photolithography for 21 μm 

thick hinges. (d) Self-assembled 500 μm 3D cube with isotropic Au OSRR of 
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segment lengths 675 μm, width 20 μm, and split gap ∼35 μm, patterned on 

SU-8 panels and folded using SPR 220 hinges. [155] 

 

2.5.3 THz spectroscopy of octagram SRRs  

THz time-domain spectroscopy (TDS) (0.1 to 1.0 THz) was performed 

for the cube after fixing it onto a rotational aperture with a diameter of 3 mm 

(Figure 2.12a). The cutoff frequency for the 3.0 mm aperture was  ∼0.1 THz. 

The normalized transmission response was found by dividing the signal 

received from the OSRR cube with that of a blank cube without OSRR patterns 

(Figure 2.12b). Except for the two positions resulting in the largest deviation, 

the remaining 12 measurements at different random positions were used to 

estimate the final value of the resonant frequency and transmission. The first 

mode resonance was measured using the 3 mm aperture and was found to have 

an average resonant frequency of 0.19 THz and transmission of 0.698. The 

maximum change in the first mode resonant frequency for the various values 

of θx, θy, and θz from 0° to 360° (12 different orientations) was found to be 

±0.0045 THz (2.3%), whereas the corresponding maximum variation in 

transmission was ±0.055 (8.4%). This demonstrates the isotropic transmission 

response of the 3D OSRR due to the uniform coupling between the resonators 
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through the 3D gaps. The 2.3% change in resonant frequency and the 8.4% 

change in amplitude as opposed to the perfectly isotropic response of the 

simulated OSRR could be attributed to variation in thickness of the materials 

and small ripples in Au OSRR, and non-uniform boundary spacing applied by 

the circular aperture to the cube. The higher order modes (occurring between 

0.3 and 0.5 THz) could not be observed with an aperture diameter of 3.0 mm 

since only 33% of the area of the aperture is covered by the cube, generating a 

large amount of noise to view the weaker higher order modes; however, 

different aperture shapes and sizes can be fabricated that allow optimal 

measurement of the isotropic response of higher order modes.  

 

Figure 2.12 (a) Schematic of the THz time domain spectroscopy (TDS) setup 

showing the GaAs THz emitter and the ZnTe detector. (b) Transmission 

characteristic of the 3D OSRR measured by THz TDS while rotating the 

aperture and cube along the angle θz using circular apertures of diameter 3 mm. 

[155] 
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2.6 Orthogonal coupling and nanomaterials 

 

The previous sections detailed the benefits of orthogonal 3D coupling in 

SRR-based materials. The specific design of the coupling mechanisms can 

deliver both isotropic and anisotropic metamaterials that find a large range of 

applications. In these 3D metamaterials, while the design of the active resonant 

materials was given heavy consideration, the underlying materials that formed 

the cubic only received a consideration of being transparent to the incoming 

light. But, for a truly efficient and state-of-the-art system, it is necessary for 

each element to be utilized and perform to the highest extent. For example, 

SU-8 used as the panel material is a biocompatible polymer [157]. On the other 

hand, the hinge material (SPR 220) can cause in-vivo inflammation. However, 

the SPR 220 biocompatibility can be improved by surface modification 

techniques like anticoagulant immobilization on carbodiimide activated 

surfaces or deposition of a thin layer of Polyethylene (PE) on the hinges, the 

nanometer thickness of the biocompatible polymer layers does not impact the 

self-folding yield [158,159]. Moreover, the hinge material can be replaced with 

a layer of polycaprolactone (PCL), which has demonstrated similar self-

assembly properties [160, 161]. The cubic structures can be further 

encapsulated within a biocompatible polymer shell along with other microbot 
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components to avoid triggering an immune response. While these simple 

material integrations make the cubic structure bio-compatible they do not 

enhance the sensitivity or their resonance response.  

Recently, 3D hinge-based self-assembly has also been carried out for 

nanomaterials like graphene oxide (GO) that preserve their intrinsic properties 

after transformation into 3D [162]. The oxygen functional groups in GO 

especially allow the formation of multilayered (laminate) structures and 

provide opportunities for tailoring its chemical functionality, offering tunable 

electrical, optical, and electrochemical properties. The fabrication via the self-

assembly process yields hollow 3D micro-polyhedral structures configured 

with 2D GO materials, which incorporates the permeation-driven tunability of 

multilayered 2D materials into 3D geometry (Figure 2.13a).  The unique 

chemical structure of GO imparts its amphiphilicity properties. The 

hydrophobic properties originate from the C-C graphene structure and 

hydrophilic properties from the oxygen functional groups, allowing π–π 

stacking for hydrophobic molecules and hydrogen bonding for hydrophilic 

molecules. The hydrated GO layer acts as a molecular sieve that does not allow 

molecules of radii greater than 0.45nm to pass through it. Thus, resulting in a 

perfect platform for attracting all classes of targeted molecules for increased 

sensitivity. Using a similar self-assembly process as detailed previously for 
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SU-8 cube-based metamaterials, GO can be incorporated through a solution-

based dispersion (Figure 2.13b). A key factor to note here is that within the 

OSRR, the highest sensitivity area (highest electric field) exists at the corner 

splits. For the highest enhancement of the sensing properties, it is necessary 

for the nanomaterials to exist at the corner, which given the combination of 

top-down and bottom-up fabrication in the origami process can be easily 

achieved (Figure 2.13b, inset). Due to the high affinity and disorder in GO 

layers in water, this self-assembly was carried out in air on a filter paper 

because the rough texture of the paper minimizes the surface adhesion once 

the hinge is melted for triggering the folding (Figure 2.13c). Thus, the self-

assembled 3D metamaterials that incorporate conventionally 2D nanomaterials 

can realize ultra-high detection limits and sensitivity devices with a high yield 

(Figure 2.13d).  
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Figure 2.13 (a) Illustration of a self-assembly process for free-standing 3D GO 

structures showing the 2D structure, halfway folded, and completely folded 

geometries. [162] (b, c) Optical microscope images of the 2D structures before 

self-assembly on (b) substrate and (c) filter paper. (d) The self-assembled 3D 

OSRR incorporating the GO nanomaterial on the surface of the cube.  
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Chapter 3 
 

Plasmon Coupling and Hybridization 

in 3D Graphene 

3.1 Simulation and design process for 3D 

graphene 

 

The limitations of conventional 2D graphene have prompted research 

into 3D graphene as detailed in Chapter 1 with another set of advantages and 

disadvantages. Taking a cue from the benefits of self-assembled polyhedrons 

for SRR-based metamaterials as a result of 3D couplings and nanomaterials as 

explained in Chapter 2, the technique can have benefits from application to 

other nanomaterials and metamaterial systems such as plasmonics in 3D 

graphene. To achieve non-spatially constrained near-field enhancement, a 

hybridized plasmon technique is introduced that benefits simultaneously from 

two coupling modes (out-of-plane stacking and in-plane coupling) by adopting 

properties of hollow three-dimensional (3D) nanoarchitectures. In this chapter, 
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the effect on plasmons in graphene as a result of the 3D coupling is studied for 

its unique properties and advantages.  

The simulations for the plasmon resonance modes were carried out using 

the Comsol RF module (version 5.2a), with the conductivity of graphene as 

given by the Kubo formula. A transmission drop was seen at the plasmon 

resonant frequency for each of the 3D graphene nanoarchitectures. Analysis of 

the E-field at resonance in the spatial region around the 3D nanoarchitectures 

was performed with the output E-field normalized to the incident E-field to 

obtain the near-field plasmonic enhancement (Figure 3.1). The near-field 

enhancement under each polarization (Ig) was obtained by taking the square of 

the ratio of the electric field at the resonant frequency of graphene (Eg) to that 

of the incident electric field (Eo), such that Ig=(Eg/Eo)
2; the resulting 

enhancement was plotted as a color map in natural log scale along virtual cross-

section planes placed at different intervals throughout the 3D geometries. Due 

to software limitations, the cross-sectional planes cannot be cylindrical or 

tilted; hence, to analyze the fields on the surface of pyramids and tubes, several 

horizontal cross-sectional planes were placed inside them at small intervals to 

create a virtual surface at the periphery of the 3D geometries for field 

visualization. 
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The total edge field (in volts) was computed by taking the integral of the 

field (V/m) along the edge. The edge enhancement at the periphery of the 

structures (Pg) was calculated as the square of the ratio of the total edge field 

in the presence of graphene and without graphene. One unique phenomenon 

that can take place in 3D coupled plasmonic geometries is the appearance of 

giant surface and volume modes, which can be termed as surface (Sg) and bulk 

volumetric (Bg) enhancements. These can be calculated as ratios through 

integrals over the surface and defined volumes of the 2D and 3D architectures 

to provide total surface field (V·m) and total volume field (V·m2), respectively. 

Unlike solid 3D structures with graphene draped over them that can only 

achieve minimal 3D coupling through adjoining edges, the hollow polyhedral 

geometries allow a stronger out-of-plane coupling of the field within their 

volume and adjoining faces, thus, giving rise to surface and volume 

enhancement modes that are also easily accessible due to their hollow 

architecture. 
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Figure 3.1 Illustration of (a) diverse 2D ribbons, and (b) the corresponding 

self-assembled hollow 3D graphene architectures including, cylindrical 

nanotubes, 4-faced square nanopyramids, and 6-faced nanocubes. The 

enhanced E-field is plotted on (c) the surface of the 2D graphene structures, 

and (d) the surface of virtual cross-sectional planes placed inside the 3D 

nanoarchitectures. The E-field is plotted on the surface of the 2D graphene 

structures, and on the surface of virtual cross-sectional planes for the 3D 

nanoarchitectures. [183] 

3.2 Orthogonal coupling in 3D graphene cubes 

 

Based on the previous sections, the first and easiest graphene structure to 

discuss becomes orthogonally coupled hollow 3D graphene cubes.  
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3.2.1 Coupling effect on 3D graphene spectra 

To study the influence of the geometric shape (i.e., 2D and 3D) on 

graphene’s optical properties, the transmission spectra of the 2D and 3D 

graphene-based structures are simulated using COMSOL (RF module, ver. 

5.2). In all simulations, the dimension (L) of 500 nm graphene was used. For 

modeling analysis, the graphene conductivity was calculated using the Kubo 

formula assuming the graphene relaxation time is 0.35 ps and the graphene 

doping is 0.4 eV. Figure 3.2a contains transmission spectra for the graphene 

ribbons and 2D graphene boxes, assuming that boxes are open (i.e., box lacks 

graphene sheets at two opposite faces, forming a long square tube), the length 

of the ribbons and the boxes is infinite. As shown in Figure 3.2a, pronounced 

dips in the transmission spectra are clearly seen, which correspond to the 

geometrical resonances of the surface plasmons in the graphene. It is well-

known that the frequency of the geometrical resonances in graphene ribbons 

scales as L-1/2. This explains the blue shift of the plasmon resonance in the case 

of transverse electric (TE) excitation of the ribbon compared to the transverse 

magnetic (TM) case (Figure 3.2 for ribbon cases).  
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Figure 3.2 Transmission spectra for 2D and 3D graphene-based structures as 

a function of wavenumber (in cm–1). In all simulations, the dimension, L, is 

500 nm. The polarization of the electric field is indicated by red arrows. 

Transmission spectra for (a) a graphene square, an infinite graphene ribbon, 

and a 2D, infinite, four-faced graphene hollow box without graphene on two 

faces; (b) a finite ribbon of length 4L and a 3D open box formed by folding up 

the 4L ribbon; (c) a six-faced continuous graphene before and after assembly; 

(d) a six-faced discontinuous graphene (gaps between graphene patterns are 

0.1L) before and after assembly. The 3D graphene-based box shows the 
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superior single resonance peak overcoming the multiple nonuniform coupled 

modes of a 2D structure. [182] 

 

 By folding a graphene ribbon into a 3D open box, plasmons are 

effectively limited to the faces of the box. The geometric plasmon resonances 

at each of the faces in 3D are similar to that of the 2D graphene square. 

However, the coupling between plasmons (plasmon hybridization) at each of 

the faces in the 3D open box leads to the splitting of the geometric resonances, 

which reveals itself as a blue- or red-shift of the resonances in the transmission 

spectra (Figure 3.2b). The transmission spectra for six-faced continuous and 

discontinuous graphene ribbons/3D boxes are presented in Figure 3.2c, d, 

respectively. In the continuous ribbon case before self-assembly (Figure 3.2c), 

plasmon resonances are on the whole length of the ribbon (i.e., 3L for 

horizontal or 4L for vertical), depending on the wave polarization. The 

response of the continuous closed 3D box (six faces, Figure 3.2c) is similar to 

that of the 3D open box (four faces, Figure 3.2b), except for the plasmon in all 

six faces coupled to each other (for open box, only four faces are coupled). 

When the discontinuous ribbon is formed with graphene squares separated by 

50 nm (0.1L) gaps (Figure 3.2d), the plasmon resonance modes change due to 

the nonuniform hybridization that exists between the individual squares along 
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the 3L and 4L directions. The non-uniform hybridization leads to multiple 

closely spaced resonances with small dips in both TE and TM excitations 

(Figure 3.2d). It should also be noted that the assembled graphene cube 

generates only a single resonance in transmission spectra since the geometrical 

symmetry of the cube causes the uniform plasmon hybridization at each face. 

 

3.2.2 Coupling effect on near-field in 3D graphene  

The electric field distributions in these 2D and 3D structures are of 

particular interest and provide further insight into plasmon hybridizations 

(Figure 3.3). For a 2D graphene ribbon (Figure 3.3a,b), the distribution is that 

of conventional plasmon dipolar resonances with fields concentrated at the 

edges of the ribbon. The graphene cross ribbon pattern (Figure 3.1c–f) 

continues to demonstrate an electric field similar to that of the 2D graphene 

ribbon (Figure 3.3a,b). However, under TE excitation (Figure 3.3c), the 

fundamental resonance frequency and the field at resonance correspond to the 

resonance of the ribbon of length 4L (north and south edges), while the two 

squares in the 3L direction (east and west edges) do not demonstrate a high 

field due to their resonance frequency being higher; the reverse phenomenon 

takes place for the TM excitation (Figure 3.3d). For the discontinuous 2D 
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graphene patterns (Figure 3.3e,f), the electric field distribution further supports 

the theory of multiple resonances in the transmission spectrum. The non-

uniform coupling within adjoining graphene strips enhances the electric field 

within the gaps of the graphene. This enhancement of the field within a given 

gap is highly dependent on the number of graphene surfaces surrounding it and 

the polarization direction of the electric field.  

For the 3D open box with 4 faces, the electric field pattern under TM 

excitation (Figure 3.3g) differs from that of the 2D graphene ribbons (Figure 

3.3b) to a great extent. Instead of the electric field rapidly decaying away from 

the 2D graphene surface (Figure 3.3b), the electric field in the 3D open box 

extends into the void between the graphene faces (Figure 3.3g). The 3D 

distribution shows the uniform reduction in the field as it moves from the edges 

to the center of a face without any graphene, creating circular electric field 

spots due to the symmetry of the structure. The distribution of the plasmon 

electric field in the case of 3D six-faced cube (3D closed box) provides further 

insight into the hybridization of the plasmons in 3D structures. To explore the 

effect of the packing density, the 3D closed box is studied with three different 

gap sizes between the faces: no gap (Figure 3.3h), 50 nm gap (Figure 3.3i), and 

150 nm gap (Figure 3.3j). One can clearly see circular interference patterns on 

the cube faces, which are orthogonal to the polarization of the electric field 
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(Figure 3.3h–j). As the faces of 3D cubes are orthogonal to the electric field 

polarization, the surface plasmons cannot be excited directly by the incident 

wave. Rather, they are generated by the fields of the surface plasmons excited 

on the neighboring faces. The uniform constructive and destructive 

interferences of the plasmon produce the above-mentioned circular 

interference patterns (Figure 3.3h–j). The electric field intensity and the 

diameter of the maxima at the center of the face increase as the gap decreases 

due to increased interaction between plasmons generated at the neighboring 

faces. For a continuous graphene cube in Figure 3.3h, the diameter is slightly 

bigger than the size of the face of the cube which leads to the interference 

maxima occupying nearly the entire face. Thus, the uniform orthogonal 

coupling from all directions renders unique optical properties in 3D closed and 

open box structures indicating the potential of these devices for the fabrication 

of ultrasensitive, compact molecular sensors.  

Exposing a graphene-based sensor to a foreign substance(s) (e.g., 

particles and molecules) changes the optical response (resonance frequency in 

the transmission spectrum) of the sensor depending upon the characteristics of 

the target substances. A problem is that the multiple closely spaced resonances 

seen in the transmission spectra of the 2D graphene arrays (Figure 3.2d) could 

mask the frequency shift induced by the target substances. However, using the 
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3D structure (with a single resonance in transmission spectrum) as a sensor 

allows the detection of the foreign substances without complications arising 

from closely spaced resonances. The detection of a target by an optical sensor 

is to a large degree determined by its spatial overlap with the excitation optical 

fields. Particularly, for high sensitivity, it is necessary to increase the sensing 

area to the entire volume of the targeted substances, in order to detect very 

minute concentrations of the target that may be far away from the sensor 

surface. Thus, a very strong electric field extending into the bulk of the 

substances containing the target is required for ultrasensitive detection.  

 

Figure 3.3 Simulated electric field distribution for various graphene resonators 

at the frequency of a fundamental resonance. (a,b) Electric field distribution 

for a ribbon of length 4L. (c–f) Transformation of the distribution from the 
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uniform 2D ribbons when patterned into nonsymmetric structures and the 

nonuniform electric field distribution in the case of discontinuous closely 

spaced patterned arrays. (g–j) Variation in the plasmon coupling and electric 

field in the case of (g) 3D four-faced open box under TM mode, (h) 3D six-

faced closed box of continuous graphene (0 nm gap), and 3D closed boxes of 

discontinuous graphene separated by a gap of (i) 50 nm and (j) 150 nm. [182] 

 

This concept can be realized by transforming 2D graphene into 3D 

graphene-based structures, which generates volumetric light confinement 

induced by 3D plasmon hybridization in 3D graphene-based structure (Figure 

3.4). The sensing area of 2D planar graphene is limited to the region close to 

the graphene face because the electric field is localized only on the surface and 

rapidly decays as one moves away from the 2D graphene face (Figure 3.4). 

However, the 3D open box structure induces a nontrivial spatial distribution of 

strong electric fields, resulting from the 3D plasmon hybridization in graphene. 

The electric field enhancement at the surface of 3D graphene is ∼four times 

higher than that of the 2D ribbon as well as the minimum field enhancement at 

d = +250 nm at the middle within the 3D open box is close to the maximum 

enhancement obtained from a 2D ribbon surface (d = 0 nm). This result shows 

the sensing area can be further extended into the void within the open box, 
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creating a high sensitivity optical scanner. For instance, a graphene-based, 3D, 

(blood-) vessel-like tube with a strong electric field at the inner/outer surfaces 

and within the void (or cavity) can be used to sense, with sensitivity higher 

than that of 2D planar sensors, a substance in the fluid as it flows through the 

inside of the 3D open box by monitoring for any change in this field.  

The circular interference patterns at the faces of 3D closed box graphene 

cubes demonstrate the importance of the cubic structures for the development 

of plasmonic devices that allows for efficient manipulation of the electric field 

and for the creation of focused hotspots, which may also lead to high 

sensitivity. Unlike the 3D open box, the 3D closed box graphene generates a 

highly confined electric field within as well as outside of the cubes due to 

coupling in all directions. When looking at the electric field enhancement 

inside and outside the cube, the uniform plasmon coupling from all directions 

creates strong electric field enhancement (∼230) at the surface of the graphene 

(Figure 3.4 at d = 0). The uniform coupling reduces the decay of the field 

enhancement with a minimum value of ∼100 (inside cube at d = +250 nm) and 

∼80 (outside cube at d = −250 nm) at a distance of 250 nm from the surface; 

which is more than two orders of magnitude higher than that of the 2D ribbon 

(∼1 at d = ± 250 nm). This result implies that by utilizing the highly confined 

electric field, the 3D closed box graphene can be used as a sensor with high 
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sensitivity to detect and/or secure the targeted substances while maintaining 

their integrity due to the impermeability of the graphene membranes. 

 

Figure 3.4 Variation in the simulated electric field enhancement (where, Eg is 

the electric field in the presence of graphene and E0 is the incident electric 

field) as a function of distance (d) along an imaginary line drawn perpendicular 

to the graphene surface. In 2D ribbon case, the line passes through the 

geometrical center of graphene ribbon. The distances are measured below 

(−250 nm) and above (+250 nm) the graphene surface. For the 3D open box, 

the line is perpendicular to the direction of polarization of incident electric field 

and passes through the center of the graphene faces on the bottom of the box. 

For the 3D closed box, the line is parallel to the direction of polarization of 

incident electric field and passes through the hotspot created by the plasmon 
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hybridization. The distances are measured from the outside the box (−250 nm) 

to the center of the box cavity (+250 nm). The illustrations depict the 

orientation of the line with respect to the field. The uniformly coupled 

plasmons in the 3D structure reduce the electric field decay with distance as 

compared to 2D graphene (ribbon), leading to the strong electric field that 

exists inside the 3D open box (from 0 to +250 nm) and inside/outside of the 

3D closed box (from 0 to ±250 nm). [182] 

 

3.2.3 Geometrical parameters within 3D cubes 

The 3D plasmon hybridization in cubic graphene leads to large hotspot 

surfaces of enhanced electric (E) field on the surface perpendicular to the 

direction of polarization of the incident E-field. The maximum enhancement 

spreads over the entire hotspot surface of the cube (Figure 3.5). To increase the 

enhancement at the vertices of the cubes, the size of the cube is scaled (Figure 

3.5a), which also causes an exponential increase in the total surface 

enhancement (Sg) obtained across all the surfaces, i.e., parallel to the incident 

E-field and perpendicular to the incident E-field (Figure 3.5b). Furthermore, 

the increased intensity of the hotspot surface also results in a proportional 

increase in the volumetric field (Figure 3.5c) induced within the volume of the 
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cube causing an increase in the enhancement by an order of magnitude (Figure 

3.5d). Thus, scaling the size of cubic graphene architectures exhibits an order 

of magnitude increase in point enhancement (Ig) for 50 nm cubes compared to 

500 nm cubes, while simultaneously inducing a 4-fold increase in the surface 

enhancement (Sg) between the two sizes. 

 

 

Figure 3.5 Simulation results for 3D graphene cubes for varying size and 

dimensionality. (a) Simulated plasmonic field enhancement for the 3D 

graphene cube showing the changes in the enhancement on the surface of the 

cube for changing size of the cube from 500 to 100 nm, increasing the resonant 

frequency from 15 THz to 33 THz. (b) Graph showing the exponential increase 

in the total near-field enhancement on the surface of the cube, Sg, that is 

parallel to the polarization direction of the incident E-field (black line) and the 
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hotspot perpendicular to the polarization direction of the incident E field (blue 

line) with a decrease in size of the cube while maintaining L = W. [183] 

 

The circular shape of the hotspot is caused by the symmetry and equal 

length (L) and width (W) of the structure in all directions. We can define a 

dimensionality parameter for the cubes as αc = L/W = 1. As the value of αc for 

the 3D cubic structure is changed, the enhancement across the surface of the 

hotspot demonstrates a behavior opposite to that in 3D pyramids. At small 

dimensionalities (αc < 1), the length of the graphene surface is insufficient to 

produce the maximum enhancement at the center of the hotspot (Figure 

3.6a, L = 125 nm). When the dimensionality parameter is increased (αc = 2, 4) 

by increasing L with constant W = 250 nm, the uniform interference from the 

edges of the adjoining surfaces leads to an enhanced hotspot surface (Figure 

3.6b).  

At αc = 2 (L = 500 nm), the maxima created at the center of the surface 

encompasses the entire graphene face with nearly uniform intensity, Ig ∼ e6 the 

shape of the hotspot changes to an elongated circle due to the dissimilar length 

and width of the cubic structure (Figure 3.6a). The hotspot surface 

demonstrated a maximum radius for the hotspot surface nearly 6 times the 

plasmon wavelength, resulting in a small decay in the enhancement near the 
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edges of the hotspot surface for the cube with αc = 8 (L = 2000 nm) (Figure 

3.6a). The maximum radius and intensity of the hotspot also result in a 3-fold 

increase in the point (Ig) and total volumetric (Bg) field enhancement for the 

cubic graphene between αc = 0.5 and 4 (Figure 3.6b). 

 

Figure 3.6 Enlargement in area and increase in intensity of the hotspot surface 

created by the plasmon hybridization in a 3D cube due to the increase in 

αc from 0.5 to 8.0 for a constant W = 250 nm and increasing L = 125, 500, 

1000, and 2000 nm. (d) Variation in the intensity of enhancement, Ig, along the 

length of the cube for each value of αc; the intensity was obtained for positions 

at the center of the cube along the direction indicated by the arrow, and the 

normalized position was found by dividing the actual position by the length of 

the cube. [183] 
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3.2.4 Edge-dependence of resonance in 3D cubes 

The edge effect in 2D graphene nanoribbons are straightforward and 

easily explained, however, in 3D graphene nanostructures, the extra 

dimensionality supports coupled modes that are strongly affected by edges but 

in a complex manner. For a 6-faced closed 3D cube, the uniform plasmon 

hybridization from all direction leads to a highly coupled hotspot field with a 

strong uniform intensity on the graphene surface perpendicular to incident E-

field. In the absence of uniform interference from all directions, this surface of 

graphene does not support any plasmon resonance modes due to its 

perpendicular orientation with respect to incident E-field polarization. The 

completely closed 3D structure consists of 12 edges with edges on adjoining 

faces uniting together, if gaps are added between adjoining faces, the total 

number of edges for the 6-faced 3D cubes increases to 24. Even in the presence 

of a gap between the edges, the plasmonic field on neighboring faces acts as a 

confined source and is able to excite edge plasmons in the graphene surface 

perpendicular to the incident E-field. The excited edge plasmons exhibit a 

fringe like behavior creating alternate circular rings of constructive and 

destructive interference. The intensity of the interference maximum and 

minimum is strongly dependent on the distance between the edges as shown in 

Figure 3.7a. When the distance between edges increases from 1% (2.5nm for 
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a 250 nm cube) to 16% (40 nm for 250 nm cube), the intensity of the 

corresponding surface maximum encounters a fourfold reduction but retains 

the circular pattern as a result of the symmetry of the structure. It is interesting 

to note that for each of the varied length gaps in the 24-edge cube, the ratio of 

the interference maximum and minimum remains a constant.  

    Furthermore, as the number of edges and the distance between them is 

increased, the coupling between them is decreased in the 3D cube. The edges 

with a 1% gap exhibit the highest amount of coupling between them and can 

efficiently excite edge plasmons by light confinement in the gaps between two 

edges, similar to scenarios already investigated for 2D ribbon arrays. The 

coupled edges increase the electric field at the corners of graphene as well as 

throughout the edge (Figure 3.7b, c). When the gap distance is increased, the 

capacitive coupling between adjoining edges decreases and consequently 

lower edge enhancement occurs than for 1% gap distance (Figure 3.7b). 

However, even at a 30% gap distance, the normalized edge-based enhancement 

is nearly 4 times higher than for the closed 3D graphene cube with 0 gaps. The 

large surface area hotspot in closed 3D graphene nanocubes have been shown 

to modify the decay of the field away from the surface, giving rise to strong 

volumetric enhancement inside the volume of the hollow cubes. Since the 

volumetric field is a direct consequence of coupled plasmon state, the lower 
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coupling at increased gap distances reduces the fields at the center of the cube 

and consequently reduces the volumetric field enhancement. Another type of 

3D cube that can be self-assembled is open-ended 4-faced cubic structures 

(Figure 3.7d). The 4-faced structures are particularly attractive due to their 

potential as rectangular plasmonic flow channels for active sensing of analytes. 

In the absence of a surface perpendicular to the incident field for uniform 

plasmon hybridization, the field from the edges of the graphene decays 

exponentially towards the center. As the gap is increased, unlike the 6-faced 

cubic structure, not a large change is seen in the maximum electric field 

intensity at the corners. However, the lower coupled field at the center rapidly 

decays and a smaller area with a strong enhancement is encountered (Figure 

3.7e). The self-assembly technique described previously can be easily 

modified to incorporate the edge-based cubic structures by simply modifying 

the 2D pattern before self-assembly and patterning the individual graphene 

faces with the desired spacing between them. 
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Figure 3.7 (a) Simulated normalized electric field enhancement on the surfaces 

of the 250nm 6-faced graphene cubes with the gap between individual edges 

increased from 0% (0nm) to 16% (40nm) showing the concentric interference 

patterns. (b) Graph showing the decrease in the volumetric enhancement and 

the increase in the edge enhancement for the 3D hollow cubes with an 

increasing distance between the edges. (c) Increase in the electric field 
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enhancement at the corner of faces due to lower coupling and corresponding 

decrease in the field enhancement at the center of the cubic structure. (d) 

Simulated electric field at the surface and opening of the 4-faced graphene 

cube showing the increase in area of the zero-enhancement center when 

increasing the distance between edges. (e) Graph showing the variation in the 

field enhancement plotted along the opening of the 4-faced structure for 

different gap percentages. 

 

3.3 Full 360-degree coupling in 3D graphene 

pyramids 

 

It is known that plasmons on the slant faces of pyramids propagate 

toward the apex under TM (transverse magnetic) polarization to constructively 

interfere at a single point (apex), delivering intense nanofocused fields 

[163]. In this section we analyze the plasmonic modes in 3D graphene 

pyramids and their geometrical tunability. 



94 
 

3.3.1 Coupled modes in 3D graphene pyramids 

 

Figure 3.8 TE and TM mode simulation for 3D graphene pyramids. (a, b) 

Plasmonic field enhancement (log scale) obtained for the 3D graphene pyramid 

under TM mode (left) and TE mode excitations (right) for pyramids with L = 

H = 250 nm. The 2D cross-sectional images are obtained by plotting the field 

enhancement on virtual planes placed at the center of the pyramid as illustrated 

by the dashed lines. [183] 

 

Primarily, two modes can occur for the pyramid. Firstly, when the 

incident E-field is polarized towards the apex of the pyramid (TM mode), and 

secondly, when the incident E-field is polarized across the base of the pyramid 

(Transverse electric, TE mode) as shown in Figure 3.8, b. For a square pyramid 
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with equal length (L) and height (H), the resonant modes for the two 

polarizations exist close to each other in frequency (17.0 THz for TE mode and 

18.2 THz for TM mode at L = H = 500 nm) due to the same length of graphene 

in the direction of polarization. Under TM excitation, a strong field 

enhancement exists at the apex of the pyramid as a result of the reduced width 

at the apex. The strong field at the apex decays as the distance from the apex 

increases; however, at the base of the pyramid, a strong field reappears due to 

the uniform plasmon interference from the edges of four adjoining faces of 

graphene (Figure 3.8a). Under TE excitation, a reverse phenomenon takes 

place as compared to TM excitation, where a strong field is seen only near the 

base of the pyramid and 

decaying towards the apex as a result of the greater edge-based field 

interference (Figure 3.8b). 

 

3.3.2 Geometrical parameters within 3D pyramids 

Modification of dimensions comprising the nanopyramids could achieve 

highly customized enhancement not limited to classical hybridized TM and TE 

plasmon modes. For the graphene pyramid, while maintaining equal length of 

base (L) and height (H), the height of the pyramids was decreased from 500 to 
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50 nm. The near-field enhancement within the pyramids increases as the size 

of the pyramids is reduced (Figure 3.9a,b). A simultaneous change in the 

length and width of the pyramid causes a proportional change in resonant 

frequency such that the primary TM mode plasmon resonance for the structures 

of aforementioned dimensions occurs at 17.0 THz, 24.0 THz, 37.4 THz, and 

52.0 THz, respectively. The maximum near-field enhancement that can be 

obtained for any size of the pyramid is scaled exponentially with the size of 

the structure as e1/λ, where λ is the wavelength of resonance at the particular 

size. 

 For the 500 nm pyramid, the maximum enhancement (Ig,max ∼ 4.4 × 104) 

exists at the apex, which is 2 orders of magnitude higher than at the base of the 

pyramid (Ig,min ∼ 100) (Figure 3.9a). At reduced sizes, the shorter height of the 

pyramids allows the field at the apex to couple strongly with the base, thereby 

sustaining the point-based apex field over longer distances (even at reduced 

plasmon wavelength) within the spatial volume of the pyramid as observed by 

an increase in the Ig,min inside the pyramids (Figure 3.9a, 250 and 50 nm). 

Hence, the full-360 degree coupling within the pyramids through the slant 

edges at the apex and between the apex and base causes for the 50 nm pyramids 

to possess strong enhancement encompassing the entire pyramid structure 

(Figure 3.9a, 50 nm). Moreover, changes in dimensions of the pyramids not 
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only sustain the field at the apex over the entire geometry but also 

exponentially increase the maximum enhancement for the pyramids (Figure 

3.9b) as a direct consequence of increased resonant frequency at a smaller size 

of pyramids. The smaller decay of the near-field enhancement inside the 

structures and the increase in the maximum enhancement gives an overall 

increasing total (volumetric) enhancement within the pyramids with 

decreasing size (Figure 3.9b). 
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Figure 3.9 Simulation results for 3D graphene pyramids of varying size and 

dimensionality. (a) 3D color maps and 2D cross-section showing the variation 

in the field enhancement under TM excitation for varying lengths (L) and 

heights (H) of the pyramids from 500 to 50 nm. (b) Graph showing the 

exponential increase in the maximum near-field enhancement, Ig,max, at the 

apex of the pyramid and the volumetric (average) field enhancement, Bg, 
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within the pyramid for decreasing size of the pyramid under TM and TE 

polarizations. (c) Graph showing the variation in the near-field 

enhancement, Ig, at the resonant frequency for variations in αp, obtained at 

positions on the base of the pyramid along the direction indicated by the red 

arrow in the simulated images. The simulated image represents TM mode 

electric field within the pyramid for αp = 0.5 and 1.0 obtained at a fixed height 

(H) of 250 nm and varying the length of the base (L). The normalized position 

is given by the ratio of the actual position and half the length of the base such 

that the base extends from −1 to +1. (d) Graph showing the variation in the 

maximum (point) enhancement (Ig,max), base surface enhancement (Sg), and 

volumetric enhancement (Bg) as the dimensionality parameter (αp) is varied by 

changing the length of the base. [183] 

 

 The simultaneous scaling of the length (L) of the base and height (H) of 

the pyramid proportionally changes the plasmon wavelength and consequently 

the near-field enhancement. However, depending upon the application it 

maybe imperative to control the enhancement while preserving the frequency 

range as in the case of molecular sensing for diminishing concentrations, where 

the operating frequency is determined by the vibrational frequency of the 

molecule to be analyzed. In 3D pyramidal graphene, for a constant height, the 
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plasmon wavelength remains nearly constant; thus, by varying other 

dimensions in the pyramid (length of base) diverse hybrid modes can be 

obtained with a nearly constant operating frequency range. When the size of 

the pyramid is changed by varying the dimensionality parameter (αp = L/H), a 

smaller change in TM resonant frequency (Fr) is obtained due to a constant size 

in the direction of the incident E-field polarization. For the simultaneous 

scaling of length and width, a 35 THz change in resonant frequency was 

obtained for a 450 nm (500 nm to 50 nm) variation in size. However, for a 

constant width, the change in the length of the pyramid causes only a ~20 THz 

shift in resonant frequency for a 1875 nm change in length (L=2000 nm, Fr = 

25.4 THz at αp=8 and L=125 nm, Fr = 5.6 THz at αp=0.5). At low values of 

dimensionality parameter (αp = L/H) of 0.5 and 1.0, obtained by 

decreasing L (Figure 3.9c), the narrower slant surfaces of the pyramid structure 

result in an increased E-field at the slant edges that increases toward the apex. 

The uniform interference of the fields from the slant edges results in a strong 

volumetric enhancement and a constant surface enhancement at the base of the 

pyramid (Figure 3.9c). Thus, even for decreased resonant frequency (at αp = 

2.0) that decreases the maximum enhancement, the 3D plasmon coupling 

exhibits an increased surface and volumetric enhancements between αp = 0.5 

and αp = 2.0.  
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Figure 3.10 Simulation result for 3D pyramids of varying dimensionality 

parameter. Change in the near-field enhancement (log scale) for 3D graphene 

pyramid with αp=1, 2, 4, and 8 at constant height (H) of the pyramid (H=250 

nm) and varying length of base (L = 250 nm, 500 nm, 1000 nm, 2000 nm). 

[183] 
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However, at larger values of αp = 4, 8 (Figure 3.10), the interference 

from the edges of the pyramid and the field scattered from the apex is unable 

to sustain the extreme enhancement across the entire area of the enlarged base 

and volume of the pyramid (Figure 3.9c). The nearly constant field 

enhancement of ∼2000 obtained at any point on the 3D coupled base for αp = 

1 square pyramids is reduced to ∼9 for base of pyramids with αp = 8. Thus, at 

αp = 0.5, 3D couplings between the edges, apex, and base leads to a maximum 

enhancement (Ig,max ∼ 1.05 × 106) that is more than 3 orders of magnitude 

stronger than for a pyramid with αp = 8 (Ig,max ∼ 353) (Figure 3.9d). On the 

other hand, at small αp values (0.5–2), large areas of surface enhancement 

(Sg ∼ 900) are induced that couple with the apex to cause an increased 

volumetric field (Figure 3.9d).  

 

3.2.3 Edge-dependence of resonance in 3D 

pyramids 

The introduction of the 3D cubic structure with specific gap sizes 

requires the modification and redesign of the 2D pattern to be self-assembled. 

In contrast, a more dynamic control over the gap distance between the edged 
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can be achieved for in-situ assembled 3D graphene nanopyramids. As the 

folding angle is increased the edges on the slant faces of the cube move closer 

to each other, finally touching at a folding angle of 120° for a square pyramid 

of base length and height equal to 250nm (Figure 3.11a). The folding angle can 

be easily controlled for the in-situ self-assembled 3D pyramids by controlling 

the exposure time to the incident ion beams that cause the melting of the 

polymer hinge for triggering self-assembly.  

 

Figure 3.11 (a) Top view images showing the effect of the increasing folding 

angle which changes the gap between the edges for a 3D pyramid with length 
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of base and height equal to 250nm. The electric field is polarized into the plane 

towards the apex of the pyramid. (b) Effect of change in the number of sides 

for the 3D pyramid when maintaining a constant height (H) and slant angle (θ). 

(c) Graph showing the increase in enhancement at the edges and tips of the 

individual triangular faces and the corresponding decreases in the coupled 

enhancement at the center of the pyramid and at the base surface on increasing 

the gap distance between edges by lowering the folding angle. (d) Total 

integrated electric-field enhancement at the base of the structures when the 

number of slant and base edges are increased from 4 to 8 while maintaining 

any two geometrical dimensions constant among length of base (B), height 

(H), length of slant triangular edges (S) or the slant angle of the triangular 

surfaces (θ). 

 

The gap % can be calculated as the ratio of the difference between 

current (Φ) and maximum folding angle to the maximum folding angle (gap % 

= (120- Φ)/120*100).  The 3D pyramids with E-field polarized towards the 

apex undergo an extremely strong point-based enhancement at the apex of the 

pyramid. The strong enhancement at the apex of the pyramid also gives rise to 

slow field decay allowing the enhanced E-field to engulf the 3D pyramids and 

give rise to volumetric and base-surface enhancement. Similar to the maximum 
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enhancement in 3D cubes, the enhancement at the tip of the triangular surfaces 

undergoes a strong uncoupled resonance at large gap distances (Figure 3.11c). 

The field at the apex (center of the gap structure) follows a reverse trend where 

it decreases for larger gap distances (Figure 3.11c) and has a maximum for the 

strongly coupled 1% gap structure. Since the electric field at the edges of the 

slant triangular surfaces of the 3D pyramid is excited by plasmons at the tip 

and the field at the base of the pyramid is dependent on this field at the apex, 

they also follow a similar trend with gap distances (Figure 3.11c). The opposite 

trends of surface and edge enhancement with gap distances allows 

customization of the enhancement in 3D graphene nanopyramids based on the 

targeted application.  

 The enhancement in 3D graphene nanopyramids can further be tuned by 

the number the edges, and length and angle of inclination of the edges (Figure 

3.11b).  As the number of edges in the 3D graphene pyramid are increased 

while maintaining a constant length of base edges (B) and height (H) (Figure 

3.12a), the enhancement on the base surface experiences a rapid increase 

(Figure 3.11d) even though the distance between edges and the base area are 

increased (Figure 3.13a) while the resonant frequency is reduced from 22 THz 

to 16 THz. The higher base surface enhancement occurs as a result of 

decreasing slant angle (Figure 3.12d) which increases the interaction with the 
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apex and transfers the enhanced electric field from the apex to the base of the 

pyramid, causing a lower enhancement at the apex of the pyramid (Figure 

3.12c).  

 

 

Figure 3.12 Normalized simulated electric field inside the 3D pyramids for 

varying number of triangular and base edges while maintaining a constant (a) 

length of base edges and height of pyramid, (b) length of slant edges and height 

of the pyramid, and (c) length of slant and base edges of the pyramid. 
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The same argument also holds true for increasing the number of edges 

while maintaining a constant length of the base edges of the pyramid (Figure 

3.13b, Figure 3.11d). However, if the number of edges is increased while 

maintaining a constant height and slant length or slant angle (Figure 3.11b and 

Figure 3.13c), the interaction of the apex with the base of the pyramid does not 

significantly change. Thus, leading to only minor variations in the base electric 

field which are caused primarily by minor changes in resonant frequency 

(Figure 3.11d). Thus, modification of the number of edges while controlling 

the dimensions of the 3D graphene nanopyramid allows an efficient 

mechanism for the tuning between the strong point-based enhancement at the 

apex to the large surface-area enhancement at the base. The 3D nanopyramids 

with a varying number of edges can be easily fabricated by the surface-tension 

driven self-assembly technique by modifying the 2D pattern using lithography 

techniques before the melting of the polymer hinge is triggered. 
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Figure 3.13 Effect of change in number of edges on various parameters for the 

3D pyramid including (a) Total surface area of the base of the pyramid, (b) 

Plasmon resonant frequency, (c) Field enhancement at the apex of the pyramid, 

and (d) geometrical angle of inclination of the slant surface. The legends refer 

to the geometrical parameters that were kept constant for the various set of 

data.  
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3.4 Radial coupling in 3D graphene tubes 

 

Circular geometries have had varied definitions based on the properties 

researched within them, some call them 0D, others 1D, but here due to the easy 

control over the aspect ratio within them, they are called 3D. It should be noted 

here that these graphene tubes are not carbon nanotubes as they are tightly 

controlled self-assembled geometries with dimensions much larger than 

carbon nanotubes. In this section, the plasmon resonances and radial couplings 

are introduced and analyzed. 

 

3.4.1 Coupled modes in 3D graphene tubes 

The strong field enhancement at the edges of the 2D ribbons 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 fields exist at the edges of 

the 2D ribbon and decay exponentially across the surface of the ribbon. Based 

on the polarization of incident E-field, the only coupling in 2D ribbons exists 

across the lateral edges (width) of the nanoribbon (Figure 3.14a); but, due to 

the large distance between the opposing corners of the ribbon, the field at the 
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two corners cannot interact. As the curvature is increased to form partially 

curved tubes, an additional coupling exists between opposing surfaces at the 

bottom of the tube due to the decreased gap between them (Figure 3.14b, c). 

Finally, at maximum curvature, two forms of field couplings are induced in 3D 

graphene tubes (Figure 3.14d). 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 tube 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 couplings along the entire circumference form a uniformly coupled 

mesh across the opening and cause the uniform cross-sectional field at the 

openings of the tube (Figure 3.14l). The effect of plasmon hybridization in 3D 

graphene nanotubes 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 3.14e,i), as opposed 

to 2D graphene in the vacuum where a uniformly decaying field can be seen 

across the surface of the ribbon.    
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Figure 3.14 (a-d) 3D and cross-sectional schematics illustrating the coupling 

directions in 2D ribbons and 3D partially and completely curved tubes. (e-h) 

The near-field enhancement plotted on the surface of a a) 2D ribbon, b, c) 

partially curved tubes, and d) completely curved tubes. 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 plane along the circumference at the ends of the structures 
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(see the arrow in e-h)). n) The field enhancements at the center of the gap in 

the halfway and 1% gap curved tubes, at the surface of the completely curved 

tube along an imaginary edge, and on the surface of the ribbon. 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 119nm placed on the 2D ribbon with lengths increasing from 100 nm 

to 6 µm.  

 

 When 2D ribbons are curved, the spatial overlap of graphene with the 

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 3.14f,j and 99% curved shown in Figure 3.14g,k) and 

completely curved nanotube (Figure 3.14h,l) structures retain a stronger near-

field enhancement spreading over a larger area, similar to freestanding 

graphene structures in vacuum. 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, which further decays by an order of 
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magnitude when moving to the center of the ribbon (Figure 3.14m, with 

normalized position taken across the ribbon width as shown in Figure 3.14i). 

On the other hand, for the halfway curved nanotube, a line-type substrate 

contact (Figure 3.14f,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 tube as 

well as radial field coupling across the nanoscale openings of the tube 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 

nanotube (Figure 3.14m, with normalized position taken along the semi-

circular circumference as shown in Figure 3.14j). Similarly, the completely 

curved nanotube (Figure 3.14h) undergoes an even stronger (~2.3x104) 

enhancement, which is nearly two orders of magnitude stronger than for a 

nanotube in vacuum 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 nanotube. 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 nanotube (Figure 3.14l). The 3D plasmon couplings at the openings of 

the completely curved nanotubes induce a total integrated edge enhancement 
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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 

nanotube can be further modified via controlling the gap in the nanotube. 

   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 nanotubes (Figure 3.14g,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 3.14m). It should be noted that inside the 15 nm gap of 

the 99% curved nanotube, the field enhancement is 300 times stronger than the 

maximum enhancement obtained even at the edge of the 2D ribbons (Figure 

3.14m). The geometrically confined field in the partially curved nanotubes 

exists along the entire length of the nanotubes (Figure 3.14g). This leads to a 

field enhancement 4 orders of magnitude (Figure 3.14n) stronger when 

compared to that at the center of the 2D ribbon. Oscillations in the field 

strength, seen in Figure 3.14n, indicate the highly confined propagating mode 

existing within the gap of the 99% curved nanotube. 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. 
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The completely curved nanotube does not show propagating modes, thus, 

supporting the conclusion that modes observed in the partially curved 

nanotubes are purely edge modes. However, at the center of the completely 

curved nanotubes, 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 nanotubes induced by radial and edge couplings (Figure 3.14j-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 nanotube is 20 times 

higher than the volumetric field in 2D ribbons over the full length (6 µm) of 

the structures (Figure 3.14o). 

 

3.4.2 Geometrical parameters within 3D tubes 

The pyramidal and cubic nano-architectured 3D graphene realize giant 

hotspot surfaces and extreme volumetric fields; however, for a given 

wavelength, the maximum point (Ig,max) and edge (Pg,max) enhancements are 

lower than in 2D graphene ribbons. This presents a disadvantage for 

application in waveguides and interconnects that require high intensity 
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confined modes for long propagation lengths. The self-assembly of 2D ribbons 

results in hollow, open-ended, cylindrical 3D graphene tubes that undergo 

plasmon hybridization even in the absence of adjoining edge and face coupled 

surfaces that exist in polyhedral prisms. The openings of the tube retain the 

strong edge enhancements of the 2D ribbon under an incident plane wave; 

however, the simultaneous coupling of the field at every point along the edge 

of the openings and points lying radially across the small diameter causes a 

stronger field enhancement that engulfs the circular perimeter (uniform cross-

sectional field) at the opening of the tube (Figure 3.15a). When the 

circumference (C = πD, where D is the diameter) is varied between 500 and 50 

nm keeping length of the tube L = 4C (Figure 3.15b), the maximum near-field 

enhancement obtained scales exponentially similar to the pyramids and cubes 

owing to an increase in plasmon resonant frequency. The strong Ig,max ∼ e12 is 

concentrated only along the perimeter at the opening of the tube at C = 500 

nm. However, at smaller circumferences of the tube (C = 100 and 50 nm), the 

uniform cross-interference of the field at every point on the circular opening 

with field from other points on the edge lying radially opposite creates a virtual 

surface of strong and uniform near-field enhancement across the entire cross-

section of the tube opening (Figure 3.15a, cross-sectional views). The near-

field at the opening of the tube decays rapidly toward the middle of the tube 
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covering only 8%, and 16% of the entire length of the tube at C = 50 and 500 

nm, respectively. Thus, providing the tube with a lower volumetric 

enhancement compared to 3D cubes and pyramids, which still increases 

exponentially at lower tube dimensions due to increased interference and 

coverage as the size of tube (L and C) is decreased (Figure 3.15b).  

 

Figure 3.15 Simulation results for 3D graphene tubes for varying size and 

dimensionality. (a) Simulated near-field enhancement on the surface of the 

self-assembled tube, with cross-sectional side views at the opening of the tube 

demonstrating the increase in the enhancement across the length of the tube for 

decreasing diameter and the uniform circular enhancement at the opening of 

the tube at C = 50 nm. (b) Exponential increase in the maximum near-field 
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enhancement and the volumetric enhancement for decrease in the size of the 

tube while maintaining a constant αt = 4.0. (c) Field enhancement plotted on 

the surface of tubes for constant C = 250 nm and varying the length of the tube 

such that αt = 8, 4, 2, 1, and 0.5. (d) Enhancement plotted at the center of the 

tube across the entire length (as indicated by the arrow) demonstrating the 

decay to zero toward the middle of the tube for αt = 2, 4, and 8 and the nonzero 

field at the center for αt = 0.5 and 1.0; the inset depicts the enhancement for 

αt = 0.5 and 2.0. [183] 

 

 For a tube of circumference 250 nm, at αt = L/C = 4.0 the strong near-

field enhancement is limited to the perimeter of the circular edge openings, 

resulting in extreme point and edge enhancement but covering only 11.6% of 

the length of the entire tube. For higher αt values (2–8), the openings of the 

tube are too far apart to result in any interference at the center of the tube, 

resulting in a strong decay of field toward the middle of the tube, i.e., decaying 

from ∼5000 at the openings of the tube to ∼0 at normalized positions of 0.8, 

0.6, and 0.4 within the tubes (Figure 3.15d). However, at low values of αt = 

1.0, the smaller distance between the openings of the tube facilitates field 

interference at the center of tube resulting in a strong field at the center that 

reduces only by a factor of 4 compared to the field at the opening (Figure 
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3.15d). If the dimensionality parameter, αt, is reduced to 0.5, the strong 

interference at the center of the tube due to the smaller length (L = 125 nm) 

creates a nearly uniform volumetric enhancement across the entire length of 

the 3D cylindrical tubes. The volumetric enhancement is increased by a factor 

of 20 between αt = 4.0 (Bg ∼ 173) and 0.5 (Bg ∼ 2222), offering advantages in 

the detection and monitoring of target specimens, such that the specimens 

flowing inside the tube can be monitored throughout their life cycle without 

hindering their natural response by adhesion to the graphene surface. 

 

3.4.3 Edge-driven resonances within 3D tubes 

The intensified field at the openings of the nanotubes decays strongly 

towards the middle of the tube covering only 11% of the total length of the 

tube. However, if the two corners of the curving 2D ribbon are not allowed to 

completely touch each other, a partially folded tube structure is created with a 

small gap slit that runs longitudinally throughout the length of the tube 

structure (Figure 3.16a). The closely spaced edges on either side of this gap 

can efficiently launch edge plasmons by confinement of the incident photons. 

Similar to the 3D cubes, the capacitive coupling and confinement efficiency 

between the edges is dependent on the distance between the two edges. For 



120 
 

smaller gap percentages, a strong propagating edge mode is seen across the 

length of the cylindrical tube structure. Thus, transforming the surface 

enhancement mode in zero-gap cylindrical structure (comparable to one-sided 

2D nanodisks) to propagating edge enhancement mode in segmented 

cylindrical nanotubes.  

 

Figure 3.16 Simulated electric-field enhancement plotted along a virtual 

placed on the edges introduced within the 3D nanotube showing the 

propagating edge modes. (b) Variation in the edge enhancement for the 3D 

nanotubes plotted as a function of the gap length introduced, showing the initial 
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increase in edge enhancement which decreases as the distance is increased. (c) 

Simulated cross-sectional images of the lower scattered field at the opening of 

the 3D nanotubes with increasing number of longitudinal gaps.  The graph 

plots the corresponding electric field enhancement along X-direction such that 

the center of the circular opening exists at X=250nm and radius of the tube is 

40nm. (d) Effect of increasing gap sizes when the gap is added in the transverse 

direction for a tube of constant total length of 250nm and radius 40nm.   

 

Furthermore, as the number of edges is increased by adding more gaps 

to the 3D nanotubes, the scattering of the field at the openings is strongly 

reduced to almost 0, instead strongly confined gap edge modes are created 

which are especially beneficial for achieving targeted fields (Figure 3.16c). A 

curved ribbon of width 250 nm yields a cylindrical tube of radius ~40nm. For 

0 gaps, this tube structure exhibits a strong scattered field even at a distance of 

40nm from the circumference. Thus, creating a scattering cross-section twice 

as large as the cross-section of the tube. However, if the tube structure is 

fabricated with incrementing edges, the scattered field is confined to the 

longitudinal gaps of the structure such that for the 8 gap nanotube with 16 

edges introduced, the scattered field exists to a maximum length of 5 nm 

outside the circumference of the tube. Only those gaps that are not perfectly 



122 
 

perpendicular to the incident E-field can launch edge plasmons as 

demonstrated by the lack of changes in confinement between the 2 and 4 gap 

3D nanotubes. It is also important to note that the maximum enhancement for 

the nanotube structure does not change by the introduction of additional edges. 

The lower peak enhancement seen in Figure 3.16c is associated with the 

maximum enhancement being moved to the edges at the gaps introduced in 

nanotube. For each of the gaps, at the nearly constant plasmon wavelength, the 

width of the propagating modes remains constant and varies in intensity by the 

width of the gaps and number of gaps introduced. Similar to the gaps added to 

the 3D nanotubes in the longitudinal direction, the number of edges can also 

be increased by the addition of gaps in the transverse direction.  

Unlike the longitudinal gaps which affect the surface and edge 

enhancement, the transverse gaps affect the surface and volumetric 

enhancement.  For a tube of radius 40nm as before and constant total length 

1000nm if 8 transverse gaps are introduced, the length of the individual 

segments within the tube is short enough that the two openings of the segments 

can couple to each other, introducing a uniform coupled field engulfing the 

entire segment. At shorter gap distances, the volumetric fields at the edges of 

neighboring segments can also couple to each other to yield volumetric 

enhancement extending throughout the length of the tube.  This results in an 8-
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fold increase in volumetric enhancement between the zero-gap tube structures 

compared to an eight-gap tube with 16% gap lengths (Figure 3.16d). The 

volumetric enhancement decreases beyond 16% gap as a lower coupling exists 

between the neighboring segments that the proportional increase in the 

volumetric field within each segment cannot overcome. Thus, the addition of 

transverse and longitudinal edges in the 3D nanotubes can severely modify 

their enhancement between edge, surface and volumetric enhancement based 

on the desired application.  

 

3.5 Comparison of the plasmon hybridization 

in diverse 3D graphene geometries 

 

Even though all three architectures and the 2D ribbon demonstrate a 

similar trend of exponential increase in enhancements with varying plasmon 

wavelength (size of the structures), the 3D architectures induce distinct 3D 

plasmon hybridization modes and field modifications on varying the ratio of 

dimensions comprising them. The strong point-based enhancement in tubular 

graphene extends over the entire cross-sectional edge at the openings of the 
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tubes unlike the enhancement concentrated to single point vertices in 2D 

ribbons. For pyramids, a lower edge-based enhancement is induced under TE 

excitation creating a strong field at the base but not at the apex of the pyramid. 

3D cubic graphene does not demonstrate strong point and edge-based 

enhancements compared to other 3D architectures. However, the hotspots in 

the cubes induce a uniformly strong field enhancement over a large area. For 

the pyramids under TM excitation, the uniform interference from slant edges 

in pyramids renders the base of the pyramid with a higher surface enhancement 

compared to cylindrical tubes. Furthermore, the large hotspot surfaces in cubes 

and base-apex couplings in pyramids create strong fields within the volume of 

both these structures, hence, extending conventional point and edge-limited 

plasmonic field enhancements to large surface areas and volumes based on the 

type of coupling induced in the 3D nanoarchitectures. 

For 2D graphene ribbons with the number of edges varied from 1 

(circular disk) to 8 (regular octagon) with a constant length of each edge equal 

to 250 nm to maintain a nearly constant resonant frequency. The maximum 

near-field enhancement occurs for the 5-sided pentagon ribbon with 4 edges 

inclined at an angle with respect to incident E-field, hence, achieving 

maximum interference from plasmon reflections. The 2D ribbons with 3 and 4 

edges contain only 2 edges not parallel to incident E-field and as a result exhibit 
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smaller field enhancement. The hexagonal, heptagonal, and octagonal ribbons 

also contain more than 2 edges not parallel to the incident E-field, however, 

the larger distance between them results in lower constructive field 

interference as result of rapid field decay. Thus, exhibiting a lower maximum 

field enhancement as evidenced in Figure 3.17. The lower field enhancements 

throughout the edges of these ribbons consequently affect the total surface field 

that can be extracted, giving a maximum surface-based enhancement for the 5-

sided ribbon. Unlike, the limited tunability of surface and point modes in edge-

driven 2D graphene resonance, the 3D pyramids with strongly coupled 

resonance through their edges offer a nearly 3 orders of magnitude variation 

between the surface, edge, and point-modes through tuning of geometrical 

edge parameters. 

 

 

 

 

 

Figure 3.17 Graph showing the effect of the number of edges on the plasmon 

enhancement behavior in 2D graphene structures with a constant edge length 
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of 250nm. The number of edges is varied from 1 to 8 and the corresponding 

maximum electric field is simulated. The corresponding surface field 

enhancement is computed by integrating the field on the surface normalized to 

incident wave. The inset shows the polarization of the incident electromagnetic 

radiation. 

 

The results are summarized in Figure 3.18 comparing the enhancements 

in 2D and 3D architecture graphene of the same dimensions (similar resonant 

frequency), which demonstrates that the maximum electric-field, i.e., point-

based enhancement, occurs in cylindrical tubes and at the vertices of 2D 

ribbons, followed by pyramids and last cubes (Figure 3.18, Point). A direct 

consequence of the maximum point enhancement is the strongest edge-based 

enhancement induced in 3D tube and 2D ribbon. The edge-based enhancement 

in tubes and ribbons is followed by pyramids and last in cubes that demonstrate 

lower edge-based enhancements since their maxima are spread out over larger 

hotspot surfaces (Figure 3.18, Edge).  

Thus, the strongest area-based enhancement occurs in cubes owing to 

the large hotspot surfaces followed in order by the tapered surfaces of the 

pyramid, circular surface of the tube, and finally the 2D ribbon (Figure 3.18, 

Surface). Finally, the coupling between the slant surfaces and the interference 
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of fields between the apex and base of the pyramid render it with the strongest 

volumetric enhancement, followed by the large hotspot surface cubes, then the 

tube with virtual cross-sectional areas of uniform enhancement, and last 2D 

ribbons with minimal volumetric enhancement (Figure 3.18, Volume).  

 

Figure 3.18 Evaluation of plasmonic enhancement modes in 2D and 3D 

graphene nanostructures. Comparison between the highest intensity of the 

point-based, edge-based, surface-based, and volumetric near-field 

enhancement induced in the hollow 3D pyramidal, cubic, tubular graphene, 

and 2D graphene ribbon. The resonant frequency for each nanomaterial was 

centered around 45 THz by selecting the geometries to be similar in size. The 
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symbols behind the graphene illustrations correspond to the location of the 

actual data values on each of the y-axes. [183] 

 

  



129 
 

Chapter 4 
 

Mid-IR Chiral plasmonics in 3D 

Graphene 

4.1 IR vibrational circular dichroism 

spectroscopy 

 

Chirality or circular dichroism (CD) is defined as the polarization-

dependent asymmetric response to incident light caused by breaking of mirror 

symmetry in materials. For a circularly polarized wave passing through a chiral 

medium, a differential absorption exists for left (LCP) and right (RCP) circular 

polarizations, resulting in the transmitted wave having elliptical polarization 

[164]. For an achiral medium, the wave equation can be broken down into three 

individual spatial components. However, for chiral media, a cross-coupling 

exists between the spatial components of the wave. For a wave propagating 

within a chiral media, this induces different refractive index for different 

polarizations which in turn causes different propagation constants. For 

unpolarized light, a uniform refractive index (n) exists for isotropic chiral 
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media. In the case of LCP (+) and RCP (-), the refractive index for respective 

polarization is given by the equation n± = n ± κ, where κ is the chirality 

parameter.  

Chirality can be found in nature as well as in artificial materials and 

structures [165]. Most biological molecules are chiral in nature with examples 

that include essential amino acids, DNA, proteins, and sugars. The chiral 

response of biological molecules can lead to vital information about their 

secondary structure composition (% helix, sheet, turns, etc.) from the peptide 

bond region, tertiary structure fingerprint, conclusions about the overall 

structural features of proteins, conformational changes in proteins caused by 

binding of ligands, protein folding [166]. Thus, making the chiral response of 

biological molecules more beneficial than traditional spectroscopy techniques. 

Chiral responses in biological molecules can be divided into two modes, firstly 

caused by electronic transitions in UV and visible regime, and secondly, those 

caused by vibrational modes in the IR regime. Vibrational CD in the IR region 

is especially attractive since all protein molecules possess a characteristic IR 

vibration fingerprint without the need for additional chromosphere as in the 

case of UV- CD [167]. Furthermore, the higher spectral resolution of CD as 

compared to UV-VIS makes it a highly sought-after research area since a 

reliable response can be obtained even without electron transitions. However, 
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the weak absorption of the IR light by the low molecular weight biomolecules 

leads to low differential absorption signals transduced of the order of 10-4-10-

5. Two solutions can be primarily applied to enhance the chiral signal from 

biomolecules, namely, increasing the path length or concentration of the 

targeted analyte. However, increasing the path length causes lower wave 

intensity at the detectors, resulting in a drastic drop in the signal to noise ratio. 

Thus, CD spectroscopy techniques require higher analyte concentrations in the 

micro and milligram range to produce a very small differential absorption 

signal [168]. Several techniques have been investigated to increase the 

sensitivity for circular dichroism spectroscopy through the use of quantum-

mechanical weak value measurements, and minimization of the achiral 

interactions. Although these measurement schemes offer higher contrast 

signals, the actual absorbance intensity still remains low. Furthermore, due to 

the rapid decline in the output signal, several measurements need to be taken 

to a reliable response. In this chapter, hybrid geometries are investigated that 

can break the mirror symmetry for high-intensity chiral graphene plasmonics 

and the resulting geometrical parameters that can control the degree of 

chirality.  
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4.2 Theory and simulation setup 

 

The limitations of conventional chiral structures have prompted research 

into plasmon-enhanced circular dichroism which can reveal far more 

information that traditional plasmon-enhanced spectroscopy. Similar to 

plasmon-enhanced surface spectroscopy techniques, geometrically chiral 

plasmonic structures can be used for the enhancement of the differential 

absorbance signal [169]. However, the prime candidate for tunable IR 

plasmonics, graphene, is achiral in nature. One of the primary requirements of 

chirality is finite rotation and lack of mirror symmetry in the out-of-plane 

direction, which cannot exist for any 2D materials defined on a planar 

substrate. A truly 2D material can only interact with the incident field in-plane, 

allowing no modification out-of-plane; thus, it cannot rotate light in the 

direction of propagation. This has prompted research into inducing anisotropy 

in the graphene conductivity by the addition of twisted bilayers, magnetic 

fields or variable doping under a magnetic field [170-172]. However, each of 

these techniques deteriorates the conventional graphene plasmonic 

enhancement in graphene and has only been able to achieve a 2% theoretical 

chirality due to the 2D nature of graphene [173].  
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While some theoretical geometries have shown a larger graphene 

chirality, there have been no routes explained that would allow the fabrication 

of those complex geometries with the sensitive graphene properties. In the 

previous chapters, a self-assembly approach was demonstrated as well as 3D 

graphene geometries were explored to enhance the plasmon response of 

graphene. Recently, the kirigami and origami approaches have been utilized 

for metallic chiral structures [174,175]. Combining the self-assembly 

approaches with 3D graphene properties can achieve a chiral graphene 

nanostructure with tunable properties for vibrational CD spectroscopy. 

However, each of these architectures such as the cube, tube, and other forms 

lead to a symmetric configuration that cannot be used for achieving a chiral 

optical response (Figure 4.1a,b).  

Helical resonant structures have been shown to deliver the strongest 

chiral properties [176]. In such a helical graphene structure, the axis of the 

helix lies parallel to the direction of the incident electric field. The plasmon 

propagation is restricted to a twisted path along the helix in turn producing 

time-varying electric and magnetic dipole moments parallel to the axis with 

their resulting emitted electric field perpendicular to each other. The resulting 

scattered electric field is rotated at an angle with respect to the incident electric 

field. Thus, the plane of vibration of the resulting electric field, which is a sum 
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of the scattered and incident electric fields, experiences a rotation that is 

proportional to the handedness of the helical structure. Using the self-assembly 

approaches, a similar lateral helix structure can be realized from graphene 

(Figure 4.1b).  

 

Figure 4.1 (a) Illustration of the 3D graphene-based structures when 

illuminated by a circularly polarized wave with the output wave having 

elliptical polarization due to chirality. (b) Achiral response for 2D graphene 
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ribbons and 3D graphene tube. The lateral graphene helix shows a small chiral 

response of 1.5% due to the low path length and lateral position. 

 

The measure of chirality within these structures can be simulated using 

a few different techniques such that the chirality parameter (κ) can be broken 

into a real part that is determined by optical activity (θ) and an imaginary part 

determined by ellipticity (η). Optical activity measures the rotation of the 

incident light by which linearly polarized light changes polarization. Here, the 

differential absorption (ΔA) between the left and right circularly polarized 

wave is simulated to reflect the optical activity as given by the relation θ = 

32.98 ΔA. The left and right circular polarizations are defined for Comsol ports 

using their Jones matrix. As seen in Figure 4.1b, the chiral response of the 

lateral helix structure is very low at only 1.5% chirality. However, the response 

can be increased by over an order of magnitude by orienting the helical 

structures to be vertical such that the wave is incident perfectly parallel to the 

helix axis corresponding to the description of chiral helixes above, thus 

increasing the path length and degree of asymmetry (Figure 4.2). 



136 
 

 

Figure 4.2 Graph showing the increase in chiral response when changing the 

angle of inclination of the helical structures with respect to the underlying 

substrate going from lateral to vertical tubes. 

 

4.3 Optical activity in vertically aligned 

tubular graphene helixes 

 

Based on the discussion in the previous chapter, tubular graphene 

helixes are investigated to begin the theoretical understanding of chiral 

graphene structures and the parameters controlling them. One of the driving 

features of the chirality in helixes is the number of turns in the helix, which in 

turn controls the number of rotations between the scattered electric field and 



137 
 

the incident electric field and increases the path length over a given length of 

helix axis. 

 

Figure 4.3 (a) Surface near-fields plotted on a helix with 2 turns for LCP and 

RCP polarizations at the frequency of maximum chirality in their absorption. 
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(b-d) Surface near-field enhancements plotted on a log scale at the frequency 

with the maximum absorption difference for varying helical turns while 

maintaining various geometrical parameters as a constant. (e-g) Differential 

absorption signal obtained for the LCP and RCP waves for the structures 

shown in b-d. (h) Graph showing the variation in CD and the resonant 

frequency (plasmon wavelength) as a function of the helical turns with the 

varying geometrical parameters. 

 

For the helical graphene tubes with 2 turns it can be clearly seen that for 

the given handedness, the RCP incident wave induces a stronger plasmon 

driven surface-field as compared to LCP induced plasmon fields corresponding 

to a higher absorption seen for the RCP wave in the frequency spectrum at 20.3 

THz (Figure 4.3a). The helical structure is formed from seemingly spiral 

ribbons that are a result of assembling tilted ribbons on the surface of a tube. 

For such helical structures, three geometrical parameters can be defined i.e. the 

width of graphene ribbons (W), gap between ribbons (G), and the length of the 

helix (L) as shown in Figure 4.3b. The number of turns in these helical 

structures can be varied in three ways to achieve different chiral responses and 

plasmon enhancement. For a helix of constant height, the number of turns can 

be varied from 2-8 while either keeping a constant ratio of width to gap (γR) 
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such that both gap and width scale down simultaneously (Figure 4.3b,e) or a 

constant gap length such that the width decreases as the number of turns 

increases (Figure 4.3c). At eight turns all the helical structures have the same 

dimensions with different geometrical parameters at two turns.  

For the latter case, a sharper decline is seen in the chiral response (Figure 

4.3f) because of the larger values of W and γR cause a larger plasmon 

wavelength, enabling the cross-coupling between the ribbons across the gap 

that pulls the chiral response down towards that of a lateral tube seen in Figure 

4.1. In order to maintain a nearly constant plasmon wavelength across 

structures of varying number of turns, the turns can be varied while 

maintaining a constant value of gap and width but reducing the actual helix 

length (Figure 4.3d). However, in this case the decreasing path length leads to 

the largest decay in chiral absorption (Figure 4.3g). These results can be 

summarized as shown in graph for Figure 4.3h showing the linear v/s 

exponential increase with number of turns between the set with a constant ratio 

and length compared to the set with constant gap and width. 
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Figure 4.4 (a, b) Surface near-fields and chiral frequency spectrum with 

increasing length of helix while maintaining a constant gap length and 
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increasing the width of the ribbons. (c, d) Surface near-fields and chiral 

frequency spectrum with increasing length of helix while maintaining a 

constant ratio of the gap and width such that a proportional increase is done in 

both the gap and width. (e) Summary graph showing the chiral response and 

ratio of the total surface-field obtained for RCP and LCP polarizations for the 

different lengths. 

 

The effect of path length (helix length) can be studied in these structures 

to find the resulting CD response. Similar to the varying of number of turns, 

varying the length of the helical structures also affects multiple geometrical 

parameters at the same time. Hence, the increase in length can be realized 

either through an increase in ribbon width for a constant gap (increasing γR) or 

through a proportional increase in gap and width of ribbons (constant γR). In 

the former case, the increased width leads to achiral cross-coupling between 

adjacent ribbons much like in Figure 4.3, this is proven by the stronger edge 

fields compared to surface fields as shown for L=1.50H - 2.50H in Figure 4.4a 

and a proportional saturation and finally decrease in chirality at L=2.50H 

(Figure 4.4b). For the latter case, this achiral edge-based cross-coupling 

happens at only L=2.50H where the plasmon wavelength increases as a square 

function (as discussed in Chapter 1) but the proportional gap has only been 
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scaled linearly (Figure 4.4 c,d). These phenomena result in the maximum 

chirality of ~29% to be obtained for a 100% increase in path length for the first 

case and a chirality of ~40% for the second case (Figure 4.4e). The small 

decrease in chirality for some of the increases in path length can be easily 

explained through mode switching as evidenced by the change in near-field 

patterns and ratio of peaks in the frequency spectrum.  

 

Figure 4.5 (a, b) Change in the surface near-field and optical activity with a 

decrease in gap length and a corresponding increase in width for a fixed length 

of helix and number of turns. (c) Graph showing the linear decrease in chirality 
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with a corresponding exponential decrease in the ratio of the surface near-fields 

for a decreasing width of gap within the graphene helical tubes. (d) Graph of 

the multivariable regression analysis showing the impact strength of the 

various geometrical parameters on the chirality.  

 

 The edge-based achiral cross-couplings have been shown to mediate the 

optical activity to a large extent. This cross-coupling is directly controlled by 

the gap length or rather the ratio of the gap to width in the ribbons. The surface-

fields for RCP polarization switch to edge-fields when the cross-coupling 

increases at shorter gap dimensions (Figure 4.5a). For a decrease in the gap 

greater than 30% a sharp decrease in chirality is seen (Figure 4.5 b, c), which 

explains the previous saturation in chirality increase seen for structures on 

increasing in length beyond 1.25H in Figure 4.4a. It should be noted here that 

modes beyond 27THz need to be ignored as they are higher order modes and 

proportionally higher order modes occur for all gap lengths. It is interesting to 

note that the linear decrease in optical activity with increasing gap length is 

accompanied by an exponential decrease in the ratio of the surface fields 

obtained for RCP and LCP polarizations.  

 These simulations have shown that there exists a complex relationship 

between the geometrical parameters that comprise the helical structures due to 
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the addition of factors that mediate plasmon propagation and coupling. A 

technique that has emerged as a useful tool to analyze experimental parameters 

with a complex relationship is through the use of multivariate regression [177].  

While this technique has been well-established in the medical industry for 

statistical analysis of clinical trial outcomes, it has seen a recent renewal of 

interest for other areas such as computational physics and material science to 

inform high efficiency devices with minimal experimental verification costs 

[178-180]. The multivariate regression can be concluded to be on the simplest 

machine learning techniques, falling under ‘Supervised Learning Algorithms’ 

to achieve faster results without the need for complex algorithms as is often 

the case in nano-optical structures. Using the statistical analysis software JMP 

Pro 14, the regression analysis was conducted with a multivariate fit model 

created using “Least Squares” for the resulting chirality to study the “effects” 

of the geometrical parameters within the helix. The model finds the log worth 

of each of the “effects” parameters on the desired variable (chirality). For the 

sake of simplicity based on the theoretical and precise nature of the datasets, 

the p-value can be assumed to be similar to the statistical “effect size”. 

However, due to the extremely small p-values being hard to coherent, a 

parameter often preferred is the LogWorth, which is computed as -log10(p-

value). The model fit reports the effect summary with LogWorth values 
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corresponding to each geometrical parameter such that a qualitative prediction 

can be performed on the “effects” and degree of “effect” of each parameter 

where higher the LogWorth stronger is the “effect”. The results (Figure 4.5d) 

show that the number of turns impact the chirality to the largest extent, 

followed by the gap of the structure, which is also close to the effect of the gap 

to width ratio. The actual length of the structures and width of the ribbons, 

which have the highest effect in conventional plasmonics do not show a 

proportionally strong effect in chiral plasmonics. Thus, for the highest degree 

of chirality tubular graphene structures with a high turn density (pitch) and 

large gap dimension are required such that a maximum chirality of nearly 40% 

is seen for the presently simulated structures and can be increased further as 

informed by the regression model. 
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4.4 Optical activity in vertically aligned cubic 

graphene helixes 

 

Figure 4.6 (a-d) Near-field enhancement plotted on the surface of the 3D cubic 

graphene helixes for varying turns and height while maintaining some other 

parameters constant. (e) The maximum chirality and the corresponding 
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resonant frequency for the cubic helixes with varying number of turns (f) The 

effect on chirality and the ratio of surface fields for RCP and LCP when the 

length of the structures is increased from 1.0H to 2.50H as shown in d. (g) 

Maximum chirality and ratio of the surface electric field between RCP and 

LCP polarizations for decreasing gap dimensions. (h) Graph showing the 

model fit obtained for the log worth of various geometrical parameters that 

affect the chirality. 

 

The previous section demonstrated that helical graphene structures form 

an excellent basis for achieving mid-IR plasmonic chiral response; however, it 

was shown the high susceptibility of these structures to the plasmonic gap 

dynamics and the complex relationships driven by the curvature, which causes 

geometrical equations to be non-linear. Thus, it is necessary to examine other 

forms of helical structure to decrease the complexity while maintaining a high 

degree to chirality.  In the previous chapter, elongated graphene cubic 

structures with a high dimensionality parameter were introduced, these 

structures delivered ultra-high surface fields. Since chirality in graphene is a 

surface phenomenon, integration of the high dimensionality cubic structures 

with chiral helixes can lead to an optimum platform for chiral plasmonics.  
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Similar to graphene helical tubes, the number of turns in the helical cubic 

structures can also be varied and be classified into three cases (1) Constant γR 

and L, (2) Constant G and L, and (3) Constant G and W (Figure 4.6 a-c). The 

resonant frequency in these structures is less affected by the turns and gap 

dynamics in these structures compared to cylindrical helixes. This is evidenced 

by the low resonant frequency change and the same chirality for two turn 

structures with high γR or small helix length (Figure 4.6e). The length of the 

cubic helixes also impacts the chirality induced in these structures (Figure 

4.6d). However, unlike cylindrical structures there does not exist a saturation 

for the chirality on increasing the length of the helix. This phenomenon is again 

driven by the lower plasmon wavelength variance for the cubic helixes. Thus, 

achieving a chirality of ~41% for a length of 2.50H although with a lower ratio 

of the surface fields between the two polarizations at ~2.1 compared to ~3.8 

for cylindrical helixes (Figure 4.6f). The sustenance of chirality over shorter 

gap lengths can also be evidenced when the gap is decreased such that the gap 

can be decreased by 75% without any decrease in chirality (Figure 4.6g). This 

is caused by the stronger surface fields in cubic helixes, which do not switch 

to the conventional edge fields until the gap is reduced beyond 75%.  

Using multivariate regression, the LogWorth of the geometrical 

parameters comprising the cubic helixes show that for these structures the 
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effect of the number of turns within the cubic helixes far outweighs any other 

parameters. Moreover, due to the strong surface fields, the ratio of the gap and 

width of the ribbons does not significantly impact the chirality with a weak 

dependence on the gap within the helixes. Thus, the cubic helixes allow the 

realization of chiral plasmonic structures with lower complexity through the 

optimization of only a single statistically significant parameter. 

 

4.5 Optical activity in vertically aligned 

pyramidal graphene helixes 

 

A discussion of the 3D graphene structures, chirality, and helixes is 

incomplete without the incorporation of pyramidal helixes where asymmetry 

exists even in the direction of propagation. For the pyramidal helixes, the 

maximum chirality obtained is much lower than that for either tubular or cubic 

graphene helixes. This is caused primarily by the non-uniform length of the 

ribbons along the length of the helix, which causes losses in plasmon 

propagation through reduced inter-turn couplings as a result of different 

plasmon wavelengths as evidenced by the multiple resonant peaks in the 
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transmission response. When varying the number of turns of the helix while 

maintaining constant height of the structures, the gap and width can be 

simultaneously scaled for a constant γR (Figure 4.7a). However, in these 

pyramidal helixes, if the number of turns is varied for a constant gap and width 

of ribbons, then, along with the length of the helix, the diameter also scales 

proportionately (Figure 4.7b). In the former case the resonant frequency 

decreases due to increased ribbon widths, while in the latter case, the decrease 

in diameter causes the resonant frequency to increase (Figure 4.7c). Even with 

the increase in widths of the structures, there is no evidence of edge-based 

cross-couplings within these pyramidal helixes due to their inconsistent 

plasmon wavelengths. Thus, a slightly lower decay in chirality is seen for the 

first case when compared to the second which has an added decay from the 

reduced path length with number of turns. As we already know, that path length 

is one of the forward driving factors for stronger chirality. Similar to other 

helical structures, the path length in the pyramidal graphene helixes can be 

varied between 1.00H to 2.50H with a constant γR (Figure 4.7d). Due to the 

lower edge-couplings for both the cases an increase in chirality is seen for an 

increase in the length of the helix with no saturation of the chiral response 

(Figure 4.7e). The complex non-uniformity along the length of the helix and 

the low tunability range for the chirality across all the geometrical parameters 
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(maximum chirality of only 12% across everything) is reflected in the high 

LogWorth for all the geometrical parameter constituting the pyramidal helix 

structure (Figure 4.7f). It is interesting to note that while the diameter has 

shown to be one of the key effect parameters in conventional metallic helixes 

[181], for the complex plasmonic interactions in graphene helixes, they are not 

a statistically significant parameter. 

 

Figure 4.7 (a) Near-field enhancement plotted on the surface of pyramidal 

graphene helix of varying turns with a constant height such that the gap and 
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width are scaled equally to maintain a constant γR. (b) Near-field enhancement 

plotted on the surface of pyramidal graphene helix of varying turns with 

constant gap and width dimensions such that both the diameter and length of 

helix change. (c) Graph showing the change in chirality and resonant frequency 

for a varying number of turns in the pyramidal graphene helixes. (d) Near-field 

enhancement plotted on the surface of pyramidal graphene helix for varying 

length of helix such that the gap and width are scaled equally to maintain a 

constant γR. (e) Graph showing the change in chirality and the ratio of surface 

field for the two polarization when the length of the helix is varied by 150%. 

(f) Multivariate regression model showing the LogWorth of each geometrical 

parameter that constitutes its affect on the chirality. 

 

4.6 Comparison of circular dichroism in 3D 

graphene structures 

 

A comprehensive analysis of all the graphene structures in this chapter 

(Figure 4.8) reveals that the largest chirality is induced in the cubic helical 

structure owing to the high differential absorption that can be induced within 
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them for increasing length of helix without saturation, uniformity of ribbons 

forming it, and higher surface fields for a cubic structure, and low change in 

resonant frequency. This is followed closely by the chirality induced in tubular 

graphene helixes, then the pyramidal graphene helixes and lateral graphene 

helix. The tube and 2D ribbon structures do no demonstrate any chirality in 

their transmission response. However, in terms of selective near-field 

enhancement for a polarization, the tubular graphene helix outperforms all 

other structures. The horizontal cubic and pyramidal structures induce a 

differential near-field enhancement close to each other and then the lateral 

helix with a negligible differential field. It should be noted that the vertically 

aligned structures do not demonstrate a volumetric and total surface 

enhancement that is as strong as the ones in the lateral tube structures under 

the same right-handed circular polarization of the incident wave.  The field 

around the spatial volume of a 2D ribbon also outperforms the 3D vertically 

aligned helix structure, however, as already shown in previous sections, the 

volumetric and surface fields can be rapidly tuned in 3D graphene geometries 

for a strong enhancement while retaining their circular dichroism. While the 

integrated field enhancements do not show a strong intensity out-of-the-box 

for the vertical helical structures, the point-based enhancement is the strongest 

in vertical tubular graphene helixes stemming from the tapering of the ribbons 
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at the two ends of the helix and the switching to edge-based conventional 

plasmonics. 

   

Figure 4.8 Graph comparing the maximum chirality percentage, differential 

surface fields, volumetric field enhancement, surface field enhancement, and 

the maximum enhancement intensity for 6 different types of graphene 

geometries namely, 2R ribbon, 3D tube, lateral helix, vertically aligned tubular 

helix, cubic helix, and pyramidal helix. 
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Chapter 5 
 

Characterization of Plasmonics in 3D 

Graphene structures 

5.1 Fabrication of 3D graphene structures 

 

Figure 5.1 (a-c) Schematic illustrations and optical images of the 2D pattern 

and corresponding microscale 3D graphene cubic structure after self-folding 

[183]. 

 
 

As shown in Chapter 3, there exists a strong dependence of plasmonic 

fields on the dimension of the graphene structures, giving strong motivation 

for scalable fabrication at both micro and nanoscale. In this section, microscale 

structure is explained as a starting point due to its similarity in processes to that 
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used for realizing 3D SRR-based structures as detailed in chapter 2. The 

graphene oxide membranes in the previous section are replaced with multi-

layer graphene followed by a self-folding process to result in microscale cubic 

graphene (Figure 5.1) [182]. Graphene plasmonic properties do not 

significantly appear at scales larger than a couple of microns. Thus, it is 

necessary to scale down the process covered in the previous section to a 

nanoscale. Even at the nanoscale, the 3D graphene nanoarchitectures can be 

realized by the origami-like self-assembly. Diverse 2D graphene patterns can 

be used to achieve three distinct types of hollow 3D graphene architectures, 

namely, 5-faced square pyramids (Figure 5.2a-d), 5- or 6-faced cubes (Figure 

5.2e-h), and cylindrical tubes (Figure 5.2i-l) with heat energy supplied from 

hot plates, focused ion beams, and exothermic reactive ion etching [183]. 
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Figure 5.2 Schematic illustrations and SEM images for the 3D graphene 

architectures before and after self-assembly. (a–d) 2D pattern that folds into a 

5-faced square 3D pyramid with graphene sandwiched between two protection 

layers of alumina and PMMA hinges. The heat required to melt the PMMA 
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polymer hinge was applied through a hot plate. (e-h) 2D pattern that folds into 

a 3D 5-faced graphene cube. The heat required for assembly was applied 

through a gallium ion beam that was focused only on the PMMA hinges to 

prevent damage to graphene. (i-l) 2D rectangular graphene ribbon that is folded 

to form a completely closed tube structure. The heat required for assembly was 

applied through exothermic plasma etching. The tin (Sn) hinge was etched 

after assembly of the self-supporting tube structure [183].  

 

 A similar self-assembly process has been developed that can realize 3D 

graphene helical structures from 2D patterns. The self-assembly process is 

carried out through in-situ monitoring in a scanning electron microscopy 

system, where the electron beam induces a crystallization in the thin alumina 

layers triggering the curvature of the structures through a differential stress in 

the alumina-chromium bi-layer system that has graphene patterned between 

them (Figure 5.3 a-c). If the structures are only anchored at one end and the 

anchor is also exposed to the electron beam, first the curvature of the strips 

occurs followed by the vertical alignment (Figure 5.3 d-f). [Adapted with 

permission from developer and collaborator Chunhui Dai]   
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Figure 5.3 Schematic illustration and SEM images for the fabrication of 3D 

graphene lateral and vertical chiral helix structures. (a-c) Two different lateral 

helix structures realized using the e-beam triggered crystallization process. (d-

f) Vertically aligned graphene tubes realized through the same process through 

a change in holding anchor design and exposure area. [Adapted with 

permission from Chunhui Dai]. 
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5.2 Properties of the realized self-assembled 

3D graphene structures 

 

The effect of added dimensionality and the fabrication process can be 

divided into a few categories namely, the effect on intrinsic graphene chemical 

structure due to dimensionality, the effect on graphene optical properties due 

to dimensionality, and the effect of additional materials used in self-assembly.  

5.2.1 Raman spectroscopy of 3D graphene 

Before and after self-assembly, material properties of the 3D graphene-

based structures were characterized using Raman spectra to investigate the 

effect of the self-assembly that might have on the graphene’s chemical 

structure. For the nanoscale samples, the Raman spectra were captured after 

self-assembly with the results as shown in Figure 5.4a. The mapped images of 

the G-band peaks in the Raman spectra (Figure 5.4b-g) underwent the same 

transformations in shape as the actual sample between the respective 2D 

patterned graphene and 3D graphene architectures, thus, demonstrating that 

intrinsic graphene properties are preserved in the self-assembled 3D 

nanoarchitectures.  
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As a deeper study, the chemical structure changes in 3D tubes were 

investigated based on the Raman spectra and the resulting effect on optical 

properties. In the 3D partially and completely curved tubes, 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 tube and cause a higher 

density of edge defects and lattice structural stress, leading to a 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 [184]) for completely curved graphene nanotubes.  

The change or any deterioration in graphene properties as a result of self-

curving was also simulated to find the change in the resulting near-field 

enhancement.  The higher ID/IG ratio in halfway (0.357) and completely (1.063) 

curved nanocylinder as compared to pristine graphene (0.058) can be attributed 

to two factors, firstly, the strain induced in graphene as a result of the curvature, 

and secondly, due to edge defects induced after self-curving. However, it is 

difficult to estimate the percentage contribution of both these factors; 

nevertheless, it is important to note that this level of defect ratio is still 

considered to the in the low defect regime that extends to all Raman peak ratios 

below 3.0. 
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Figure 5.4 Raman spectra and mapped G-band images for various 3D 

geometries and 2D graphene. (a) The spectra demonstrates 3 peaks 

corresponding to D band, G band, and 2D band. The sharp G and 2D bank 

peaks demonstrate the preservation of the intrinsic graphene properties. (b-g) 

The mapped G-band peaks for the graphene before and after self-assembly 

show the same transformation in as in the geometry of the structure. [183] 
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 Here, we account for the worst-case scenarios for the high ID/IG ratio in 

the 3D curved nanocylinders. The defect concentration (nD) in graphene can be 

related to the Raman peak ratios using the relation below. 

𝑛𝐷 (𝑐𝑚−2) =  
(1.8 ± 0.5) × 1022

𝜆𝐿
4  (

𝐼𝐷

𝐼𝐺
) 

where, λL is the wavelength of Raman light source and ID and IG are the 

intensities of the D and G band peaks, respectively. The defect concentration is 

inversely proportional to the relaxation time; thus, all other factors remaining 

constant (including Fermi velocity and Fermi energy), this gives a 5.45% 

decrease in the relaxation time for the curved cylinders. However, the relaxation 

time and Fermi energy do not remain constant in strained graphene. For 

graphene with a 10% strain, the Fermi velocity decreases by 15% [185]. The 

strain in graphene can open a bandgap and increase the bandgap in doped 

samples with some works even reporting an increase in the work function of 

0.6 eV, however, there isn’t a consensus on the percentage increase in the 

bandgap with strain [186]. It is well-known that the relaxation time (τ) in 

graphene can be calculated by the equation given below [187, 188]. 

𝜏 =  
µ ħ √𝑛𝜋

𝑒 𝑣𝐹
 

where µ is the electron mobility (2700 cm2/V-s), ħ  is the Planck’s constant 

n is the electron density (required for a bandgap of 0.4 eV chosen in our 
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simulations), e is the charge on an electron, and vF is the Fermi velocity 

(typically 1×106 m/s). Using these values, we obtain the relaxation time for our 

2D graphene ribbons to be equal to 0.101 ps (as opposed to 0.35 ps chosen 

previously). With the 15% increase in Fermi velocity for strained graphene, the 

relaxation time increases to 0.118 ps. Now, if we attribute the majority of the D 

band to defects introduced in graphene and not lattice stress, then the relaxation 

time for the curved nanocylinders turns out to be 0.015 ps. Simulations with a 

highly dense mesh compare the effect of relaxation time on the near-field 

enhancement in the 2D ribbon and 3D cylinders (Figure 5.5).  The results show 

that the spectral width for the plasmon peaks in the ribbon and cylinder is nearly 

11.71 and 10.69 THz, respectively. Moreover, even with the reduced relaxation 

time and in the absence of a conducting silicon substrate, the 3D cylinders 

demonstrate a volumetric enhancement that is 4 times stronger than the 

volumetric enhancement obtained for ribbons (assuming a thickness over the 

ribbon to make the volume equal to the volume within cylinders).  
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Figure 5.5 (a) Near-field enhancement plotted along the width of the ribbon 

and the circumference of the 3D cylinders with 1% gap under 2D simulations 

with a dense mesh to reduce any noise and fluctuations. (b) Transmission 

response showing the effect of change in relaxation time and Fermi level on 

the plasmon resonance caused due to curving of the 2D graphene into 3D 

completely curved cylinders. The insets show the corresponding near-field 

enhancements. 

 

5.2.2 Effect of self-assembly materials on 3D 

graphene optical properties 

5.2.2.1 Effect of hinge material 

 For the five-faced graphene cube without hinges, when the incident E-

field is polarized along the bottom surface of the cube, a hotspot area of high 
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field enhancement is created on the bottom face of the cube due to the uniform 

field interference from all four adjoining graphene faces (Figure 5.5a). 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 5.5b). 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 those regions not covered by the metallic hinges (Figure 

5.5b), 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 5.5d). 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 5.5d). 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 5.6c). The hotspot 

surface on the bottom face of the polymer-hinged cube demonstrates a nearly 

uniform enhancement of ∼311 (Figure 5.6d) with a minor increase as 

compared to a cube with no hinges (Figure 5.6d), which can be attributed to 

using the same mesh element size in the finite element modeling of hinges with 
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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 5.6e), 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 5.6e). However, in the presence of polymer hinges, a strong volumetric 

field is seen that decays when approaching the unbound surface (top face) of 

the cube.  

 

Figure 5.6 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 toward the bottom surface of the cube with uniform coupling 

in all directions. (a-c) Simulated field enhancement (log scale) on the surface 
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of the cubic graphene containers with (a) no hinges, (b) metal hinges, and (c) 

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 arrow. [189] 

 

In addition, the graphene container with polymer hinges experienced a 

minute shift in resonant frequency as opposed to large shifts experience by 

structures with metal hinges. 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 need 

to be analyzed [189]. For these reasons, the 3D graphene tube structures have 

the Sn etched after completing the curving process. The Raman images proved 
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the continuous shape that is similar to the nanotubes after Sn etching. Even 

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 optical 

properties of graphene after Sn removal process. 

 

5.2.2.2 Effect of Alumina protection layer 

 The high surface quality of the Al2O3 layers is critical to the plasmons 

induced in graphene. Previous results show that when a dielectric material such 

as some spin-coated polymers or e-beam evaporated aluminum oxide are in 

contact with 2D and 3D graphene they seek to shift the resonant frequency 

proportional to the refractive index but do not significantly alter the near-field 

enhancement. It is important to note that the folding mechanism introduced 

here is not limited to CVD graphene or Al2O3 protection layers. Graphene 

tubes can also be fabricated using mechanically exfoliated graphene with hBN 

layers added between the current Al2O3-Graphene interfaces that have shown 

to also increase the relaxation to 3ps [190]. The aluminum oxide can also be 

completely replaced with other suitable materials such as SiO2 or CaF2. For the 

simulations, the dielectric layer is designed to be smooth; however, the impact 

of the roughness of Al2O3 roughness can be tremendous. Measurements of the 
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chemically (nitric acid) doped 200 nm graphene ribbons with and without the 

Al2O3 layers. Preliminary spectroscopy results (Figure 5.7) reveal that the 

quality and roughness of e-beam evaporated Al2O3 layers is low enough that it 

does not negatively impact the plasmon resonance of the graphene nanoribbons. 

  

Figure 5.7 The measured 

transmission when a 3nm layer of 

e-beam evaporated Al2O3 is 

deposited on top of a 200nm width 

graphene nanoribbon. 

 

5.2.3 Synchrotron infrared nano-spectroscopy for 

nanoscale 3D graphene  

5.2.3.1 Advantages of 3D graphene measurement via 

Synchrotron-based nanospectroscopy 

  The characterization of the plasmon resonance induced within these 

structures is challenged by two major factors, namely, the targeted frequency 

range and the diffraction limit. The resonance of these 3D structures is targeted 
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to be within the far-IR range with a wavelength between 20-60 µm (5-15THz). 

This frequency range of the electromagnetic spectrum is particularly attractive 

to probe the low energy rotational modes within molecules, presenting an 

attractive application of graphene sensing [192]. But, the major challenge 

primarily arises from the lack of optical toolkits i.e. source, detectors, and 

materials that can support optical measurement systems within this frequency 

range. Quantum cascade lasers (QCLs) consisting of semiconductor 

heterostructures have made it possible to obtain commercialized mid-IR 

detection systems that operate at room temperatures [193]. Since the 

demonstration of the first QCL operating in the THz in 2001, material 

developments have led to achieving THz frequency generation from these 

devices, but the beams are extremely limited in terms of maximum power and 

often require cryogenic temperatures below 200K for operation [194]. Even 

with these advances, the Far-IR band of specific interest remains elusive due 

to the perfect overlap with the forbidden “Reststrahlen band” frequency range 

for semiconductors [195]. Within this frequency range, the vibrations within 

the semi-conductor crystals (phonons) give rise to a region of extremely high 

losses that cannot be overcome by QCLs; thus, necessitating the use of free 

electron lasers or synchrotron light sources where electrons are energized and 

accelerated to the speed of light by their movement through a magnetic field, 
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causing emissions in a path tangential to the curvature. The synchrotron light 

sources such as the one available at Advanced Light sources within Berkeley 

National Laboratory have a higher tunability range for wavelength and produce 

spectral brightness and coherence that far exceeds that of QCLs. 

Even after overcoming the limitations of a source for the Far-IR beams, 

another obstacle is presented by the diffraction limit of the optics involved in 

conventional spectroscopy systems. These systems not only require a high 

filling factor of graphene (closely spaced arrays) but also place stringent 

requirements on the materials and quality of the underlying substrate. The 

three-fold reduction in surface area after self-assembly and the etching of the 

underlying substrate renders conventional spectroscopy-based measurement 

technique unusable for 3D graphene nanostructures. Therefore, the 

synchrotron infrared nano spectroscopy (SINS) technique is an ideal method 

to characterize the 3D graphene structures. The synchrotron produces an 

extremely high intensity and low wavelength IR beams that are required for 

the simultaneous excitation of plasmon across all surfaces of the 3D 

nanostructures to enable hybrid resonance modes. The beam is then coupled 

and confined to an AFM tip that launches the graphene plasmons as shown in 

Figure 5.8. The edge and area scans enabled by the AFM tip with a spatial 

resolution below 20 nm offer an attractive way to map and visualize the 
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plasmon couplings on the surface and reflections along the edges of the 3D 

graphene structures. 

 

Figure 5.8 Schematic illustration of the measurement setup for SINS analysis 

of 3D graphene where IR radiation from a synchrotron beamline is used in an 

AFM nano-spectrometer. 

 

5.2.3.2 Characterization of plasmon resonance in 3D 

graphene tubes 

  The high yield arrays of 3D graphene tubes, their simpler plasmon 

dynamics, easy to access morphology, and the similarity to 2D graphene 

ribbons make it an ideal choice for leading the SINS-based measurement of 

the plasmon resonance. The edge and area scans enabled by the AFM tip with 
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a spatial resolution below 20 nm offer an attractive way to map and visualize 

the plasmon couplings on the surface and reflections along the edges of the 3D 

graphene tubes. This technique allows line scans in AFM tapping mode along 

the top edge of the graphene tubes where it is expected that the plasmons are 

launched towards the edge and reflected by it. The interaction of the two small 

gap longitudinal edges within the curved graphene tubes will give rise to high-

intensity edge-based near-field enhancement mode revealed by infrared 

nanoimaging functions within the SINS system. The 3D graphene tube samples 

were tilted at an angle of 45 degree to the surface and the incident light 

polarized along the width of the ribbon. The AFM Z-scan data shows the 

morphology (thickness) of the self-assembled graphene tubes (Figure 5.9a). 

The gap within the tube structures is below 15 nm as evident from the SEM 

images in Figure 5.2, however, due to the morphology of the tube structure and 

the tip-sample interaction, a larger gap of nearly 60-100 nm is perceived from 

the AFM data. The 3nm alumina layer used to support and protect the graphene 

is thin enough for the AFM tip to measure the absorption by the underlying 

graphene, which causes a deflection in the tip. The deflection image mapping 

is captured for a white light source integrated light nominally from 

approximately 330-1400 cm-1. The images collected for different areas of the 

same sample show the strong edge-enhancements in the 3D graphene tubes 
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(Figure 5.9b). The rough surface of the silicon substrate adds to the noise level 

but the absorption on the 3D graphene remains clearly visible. The non-

uniformity in the enhancement on the graphene tubes is primarily caused by 

the cracks and voids in the pristine graphene grown on the copper foil. The 

actual amplitude along 4 different positions as shown in Figure 5.9b was 

extracted using Gwyddion. The line profiles clearly demonstrate the high 

absorption amplitude on the graphene surface, which extends from about 

0.1µm to 1.1µm in the graphed line profiles (Figure 5.9c). It should be noted 

here that the actual diameter of the graphene tubes is much smaller, but the tilt 

of the sample gives a higher perceived diameter. The perfect overlap of the 

actual AFM topography with the near-field absorption images prove that the 

graphene-based enhanced absorption that is observed is not an artifact or due 

to the underlying substrate (which is several 100nm away much farther than 

SINS vertical resolution). 

The synchrotron light is a broadband source, thus, it cannot be exactly 

determined that the integrated absorption images correspond to exactly what 

frequency. To determine the exact frequency causing the strong absorption, 

spectra are collected using line scans over a few different positions on the tube 

structure. The second and third harmonic deflections of the cantilevers are 

considered to be optimum for measuring the near-field while maintaining a 
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high signal to noise ratio (SNR). The captured spectrum (Figure 5.10d) shows 

a clear increase in amplitude for the range of 600-700 cm-1 when measured on 

the tube surface. The spectrum also demonstrates the nearly flat and low 

absorption in this frequency regime when measured on the silicon surface that 

exists between the graphene tubes. Thus, the spectrum proves that the 

measured increased absorbance is due to the graphene and not an artifact.  

 

 

Figure 5.9 SINS data measured for the 3D graphene tubes. (a) AFM 

topography images showing the thickness of the tube samples. (b) AFM 

amplitude data corresponding to the near-field on the graphene and silicon 

surfaces. (c) Actual AFM amplitude data corresponding to the graphene 

absorption acquired for various positions as shown in b. (d) Second and third 
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harmonic linescan spectra for the graphene tubes captured for various positions 

on the sample. 

 

 A detailed analysis of the line scan image profiles reveals that there are 

sinusoidally varying absorption caused voltage maxima and minima on the 

graphene corresponding to the plasmon interference fringes. The width of these 

can consequently the plasmon wavelength can be measured by the distance 

between successive minima as shown in Figure  5.10a, where the plasmon 

wavelength is found to be 120 nm. The corresponding incident wavelength that 

induces plasmon resonance was found using third harmonic generation, which 

shows a clear peak at a wavenumber of 666.74 cm-1 i.e. a wavelength of 15 µm 

(Figure 5.10b). The incident wavelength information from the peak is further 

complemented by the change in phase slope also seen in the acquired spectra 

for the same wavenumber.  This implies a confinement factor of 125 i.e. more 

than 2 orders of magnitude. The equivalent near-field power enhancement is 

then equal to four orders of magnitude in the 3D graphene tube structures. The 

result can be directly compared to the simulated data for the structures, which 

show a similar four order of magnitude near-field increase on the graphene 

tube (Figure 5.10c) for a resonant absorption peak at 530 cm-1 (Figure 5.10d). 

A slightly lower wavenumber for the simulated spectrum might be accounted 
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for by the difference in the chemically doped bandgap opened in measured 

graphene compared to the constant bandgap of 0.4 eV chosen for the simulated 

data. Similarly, the plasmon relaxation time was chosen to be 0.35 ps for the 

measurement whereas the doping and material stress in fabricated samples 

directly controls this value as discussed in section 5.2.1.  It should be noted 

here that in the simulated samples a 5 orders of magnitude enhancement occurs 

at the center of the longitudinal split gap within the tubes (Figure 5.10c), 

however, as seen in the measured profiles (Figure 5.10a), a similar increase 

occurs at all three positions. This is a limitation of the AFM-IR process such 

that only absorption on a film can be measured and absorption inside the small 

gap cannot be probed the AFM tip morphology. Due to these limitations, 

currently the measurement of the volumetric enhancement in the 3D graphene 

cubic structures and pyramids and the cross-sectional enhancement in the 3D 

tube openings continues to be a challenge even with the advantages of the SINS 

technologies. 
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Figure 5.10 Comparison of the measured and simulated data for the 3D 

graphene tubes. (a) Graph showing the collected absorption data across the 

width as shown in the inset, the dashed lines mark the plasmon wavelength. (b) 

Third harmonic spectra captured for the 3D tubes showing the AFM amplitude 

and phase data. (c, d) Simulated near-field enhancement and resonance spectra 

for a 3D graphene tube with a bandgap (EF) of 0.4 eV and a relaxation time (τ) 

of 0.35 ps. The inset in (c) shows a cross-sectional graphical image in log-scale 

for the near-field enhncement.  
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Chapter 6 
 

Application of 3D Graphene for 

Optofluidic Sensing 

6.1 Overview of architecture-based 

advantages for plasmonic sensors 

 

3D nanoarchitectures extend and enhance conventional 2D graphene 

fields to deliver near-field enhancement modes that can be utilized for a wide 

range of applications through the selection of the 3D architecture and 

dimensions comprising it. The strong point-based confinement in cylindrical 

graphene and at the apex of pyramidal graphene can be utilized for the 

deposition of receptors needed to monitor target molecules of higher and 

known concentrations. The small diameter tubes offer a 2-fold advantage of 

utilizing the virtual cross-sectional area of uniform near-field enhancement for 

the detection of analytes as they flow within the graphene tubes without loss 

of target properties due to the need to attach targeted molecules on the surface 

of graphene. Furthermore, the strong near-field enhancement at the openings 
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of the nanotubes provides a stronger electric field gradient due to the reduced 

cross-section (diameter) as compared to the size of the corresponding ribbon. 

The high electric field gradients are particularly beneficial for enhancing 

dipole-forbidden transitions of quantum emitters for the analysis of several 

chemical species [196].  

The 3D cubes and pyramids sacrifice the confined point and edge modes 

in favor of extremely large surface-area hotspots and volumetric 

enhancements. The intensified surface fields in 3D cubes stretching over an 

area that is an order of magnitude larger than 2D ribbons are especially 

attractive for studying adhesion and reaction properties of targeted molecules. 

The 3D coupled apex and base of the pyramid yield extreme volumetric 

enhancement, which can be leveraged for non-diffusion limited sensing at 

extremely small femto and atto molar concentrations of unknown targeted 

molecules. Two methods are possible to leverage the large surface and 

volumetric enhancements in 3D cubes and pyramids. First, even in 5-faced 

cubic graphene containers, a single large area hotspot can be induced due to 

one of the faces (bottom surface) experiencing uniform orthogonal coupling 

from all directions. Second, the targeted molecules can also be encapsulated 

within these 3D geometries by using biocompatible energy sources for 

generation of highly localized self-assembly triggers such as heating 



182 
 

prestressed hinges to 37 °C (optimum body temperature) or magnetic field-

based assembly [171,198].  

6.2 High concentration dielectric sensing in 3D 

graphene 

 

For high sensitivity detection of biological analytes, the minimum 

detectable concentration is directly dependent on the changes in the frequency 

spectrum arising from changes in the electric field due to the dielectric 

properties of the targeted molecules. Hence, the near-field enhancement by 

graphene nanostructures is a key parameter in the development of higher 

sensitivity biological sensors. The presence of biological analytes introduces 

changes in the frequency spectrum of graphene by (i) shifting the LSPR 

frequency, and (ii) adding absorption peaks corresponding to the vibrational 

fingerprint of molecules. To analyze the performance of the 3D graphene 

nanoarchitectures as biological sensors, the shift in the LSPR frequency was 

simulated as a function of increasing relative permittivity of the molecules 

inside the nanocylinder, representing changes in concentration and presence of 

targeted analytes. Six structures were chosen to assess the sensing performance 

namely, the long-tube (αt=4) (L. Tube), short-tube (αt=4) (S. Tube), and (1%) 
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gap-tube (G. Tube)structures; elongated (αc=4) (L. Cube), 4-faced (4 fc. Cube), 

and 6-faced cubic (6 fc. Cube),  structures; and finally, square pyramids (αp=1) 

(Sq. Pyramid), low dimensionality pyramids (αp=0.5) (L. Pyramid), and 

octagonal pyramids (Oct. Pyramid) (Figure 6.1a-c). Each of the structures was 

simulated to be with a dimension of 100nm, a Fermi level of 0.4eV, and 

relaxation time of 0.35ps. The relative permittivity of the material filling the 

hollow cavity of the 3D graphene structures was varied from 1 to 8. The 

frequency spectrums were plotted for all six architectures for permittivity of 1 

and 4 (Figure 6.1a-c). The resulting shifts in resonant frequency for all the 

structure is plotted in Figure 6.1d. As predicted, the highest shift in resonant 

frequency occurs for the octagonal pyramid structure owing to their highest 

volumetric enhancements. This is followed by that of the perfect square 

pyramid, which has the next highest volumetric enhancement. The worst 

sensing performance is seen in the short tubes and pyramids this is in part by 

their low shifts in resonant frequency but also accompanied by the large 

decrease in the absorption of the structure, which deteriorates the signal to 

noise ratio (SNR) for these structures (Figure 6.1e). The gapped tube structures 

offer an optimum compromise for these applications where a dielectric 

material of unknown permittivity completely fills the hollow cavity in 3D 

graphene structures. It should be noted that the slope of all 3D graphene 
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structures is maximum at permittivity of 1-2, which is the approximate range 

for all biological specimens.   

 

Figure 6.1 (a-c) Change in transmission response between a relative 

permittivity of 1 and 4 for diverse graphene tubes, cubes, and pyramids. (d) 



185 
 

Percentage change in resonant frequency for the various 3D graphene 

nanoarchitectures for increasing material permittivity inside the structures. (e) 

Percentage change in graphene absorbance for the various 3D graphene 

nanoarchitectures for increasing material permittivity inside the structures. (f) 

Point by point slope of frequency shift with the permittivity for 3D graphene. 

 

6.3 Vibrational mode enhancement in 3D 

graphene structures 

 

As covered in the previous section, one of the ways to apply the 3D 

graphene structures is through their use to enhance the vibrational modes that 

occur in proteins and DNA. The changes in the plasmon frequency spectrum 

as a result of the fingerprint of the amide I and II bands of protein A/G were 

simulated and analyzed to study the advantages of different 3D graphene 

nanoarchitectures for molecular fingerprint sensing. The small absorption of 

the electric field due to the large mismatch between the size of the protein 

particles and the wavelength of light corresponding to amide fingerprint 

frequency necessitates the enhancement of the incident electric field by 
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graphene plasmons to transduce measurable amide peaks in the frequency 

spectrum. The transmission response showing the overlap of the amide bands 

with the spectral bands of graphene is shown in Figure 6.2a-c. The evaluation 

for the response of cubic structure is relatively easy where we see that the 

strong surface field in the high dimensionality long cubic structure gives it the 

highest enhancement of the Amide bands for an equal amplitude (Figure 6.2b). 

When looking at the absolute amplitude this translates to a higher enhancement 

in the 6-faced cubic structures for the Amide-I band due to the higher relative 

absorption for 6-faced cubes among all the cubic structures (Figure 6.2d).  

However, the larger spectral bandwidth of the resonance in the long cubic 

structures is more desirable for the simultaneous detection of multiple bands 

as evidenced by the highest enhancement of the Amide-II band in these 

structures (Figure 6.2e). A similar analysis follows for the pyramid structures 

where even though the octagonal pyramid structures demonstrate a higher 

relative enhancement of the vibrational bands (Figure 6.2a), their actual 

absorption is low. This means that the maximum absorption for the Amide 

bands is induced by the square pyramid. It is interesting to note that even 

though the strongest actual absorption occurs for the elongated pyramid 

structures with low dimensionality, they offer the lowest enhancement of the 

Amide band absorption. The concept of relative absorptions is elucidated by 
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the graph shown in Figure 6.2f, where the heights of each section and the ratio 

between them reflect the actual and relative absorption values, respectively. 

 

Figure 6.2 (a-c) Transmission response for diverse graphene tubes, cubes, 

and pyramids showing the three resonant peaks representing from low 
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frequency to high frequency, the graphene resonance, Amide-I band, and 

Amide-II bands. (d) Actual absorption in percentage for the Amide-I bands 

when the protein completely fills the hollow cavity of the 3D graphene 

geometries. (e) Actual absorption in percentage for the Amide-II bands when 

the protein completely fills the hollow cavity of the 3D graphene geometries. 

(f) Graph showing the absorption for the various 3D graphene structures and 

the enhanced Amide band absorption for protein filling their cavity. The height 

of each region of the bar graph represents the actual absorption. 

 

This discussion becomes increasingly complex for the tube structures 

(Figure 6.2c), where the occurrence of quantized modes along the length of the 

tube at a higher frequency skews the results for long and gapped tube 

structures. However, it can be easily seen that the actual absorption induced in 

the Amide bands is strongest for the shorter tube structures (Figure 6.2d,e) 

where their actual absorption is also stronger stemming from the volumetric 

enhancement within them. It is important to note that this absorption of light 

by the shorter tube structure is not efficiently transferred to the amide 

enhancement by the lower ratio of the absorption between the graphene and 

amide bands as evidenced by their relative heights in Figure 6.2f.  Looking at 

the bar graphs in Figure 6.2d-f, it is clear that cubic structures with their strong 
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surface fields offer the greatest advantage for enhancing the Amide-I and 

Amide-II bands spectra. Even within the cubic structures, the high 

dimensionality long cubic structures offer the best enhancement and an 

efficient transference of graphene absorption to a corresponding protein band 

absorption owing to their large area hotspots.  

 

6.4 Low concentration sensing in 3D graphene 

 

The primary reason that graphene biosensors are of wide interest is that 

small concentrations of targeted analyte below nanomolar concentrations can 

be detected with high sensitivity. To analyze the sensing ability of the 3D 

graphene structures to detect the permittivity of an unknown targeted material 

only available in nanomolar concentrations, simulations were conducted for a 

material of thickness (t) forming a uniform layer on the 3D graphene surfaces. 

Two characteristics define such sensors namely, their sensitivity and their 

figure of merit. Sensitivity is computed as the ratio of shift in resonant 

frequency to the corresponding increase in permittivity or refractive index. 3D 

graphene structures of 100 nm width with varying molecular layer thickness 

(t) from 2-50nm were simulated where the relative permittivity of the layer 
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was chosen to be 2.0 (close to that of most biological specimens) (Figure 6.3). 

The sensitivity in this case is then given by the percentage shift in resonant 

frequency with layer thickness. As shown in Figure 6.3a, the high volumetric 

enhancement of the pyramids allows them a larger overlap with the molecular 

layer, giving them the strongest shift in resonant frequencies. However, the 

surface enhancements are not particularly beneficial for sensing low 

concentrations. This is proven by the higher sensitivity for the edge-based 

modes in tubular structures. The pyramids also benefit from this higher edge-

based enhancement whereas the cubic structures have the lowest edge 

enhancement as shown in section 3.5. It is interesting to note the switching in 

the second-highest shift between lower layer thickness for the tube and square 

pyramid structures. 

The figure of merit (FOM) of sensors is important because it packages 

two parameters i.e. resonant frequency shift and the decrease in absorbance 

into one. FOM is defined as the ratio of sensitivity to the FWHM, as the 

absorbance decreases, the FWHM increases broadening the peaks and can 

cause the FOM, which is similar to SNR. To maintain a high FOM for reliable 

sensing, a proportional increase in sensitivity must occur. In chapter 1, one of 

the disadvantages discussed for 3D graphene formed with linear stacks was 

found to be the significant decrease in FOM even with increasing sensitivity.  
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However, for the self-assembled 3D graphene structures, it is evident that the 

superior sensitivity occurs alongside the higher FOM (Figure 6.3b). 

 

Figure 6.3 (a) Graph showing the percentage change in resonant frequency for 

increasing thickness of the molecular layer of relative permittivity 2.0 in 

contact with the diverse 3D graphene geometries. (b) Change in Normalized 

FOM that is computed by dividing the % change in  6.4a with the FWHM of 

the resonance. 

  

For vibrational spectroscopy of single molecules that undergo 

absorption enhancement in the presence of graphene, the absorption is 

proportional to the field induced inside them that is also a function of their 

dielectric properties. Simulations were carried out for a single 2nm radium 

spherical particle with dielectric properties and amide band resonance modeled 

to mirror those in bovine serum albumin. Such a single particle within the 3D 
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graphene structures experiences the hollow cavity within which it is residing. 

To analyze the effects of the architecture of this cavity without effects from 

surface to mirror the non-surface diffusion sensing abilities, the simulations 

were carried out for the 2D cross-sections as shown in Figure 6.4a with varying 

distance from the surface (d) from 2 – 30nm. To overlap the graphene 

resonance at a 0.4eV Fermi level with that of the albumin amide bands, the 3D 

graphene cavity width was selected to be 60nm. In this case, the strongest 

volumetric enhancement gives the single particle, a much stronger 

enhancement over more than half of the cross-section of the cavity (Figure 

6.4b). However, this increase exponentially decays whereas the uniform 

enhancements occurring in the cube and the short tube cavities are retained 

throughout the cross-section of the cavities.  

Figure 6.4 (a) Near-field enhancement 

within the 3D graphene cavities and on 

the surface of the single detected 

particle when the distance, d is 30 nm 

from surface. (b) Change in the 

enhancement on molecule surface with 

changing distance. 
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6.5 Tunability of sensing parameters in 3D 

graphene nanostructures 

 

The previous sections have demonstrated that not just the near-field 

enhancement, but other parameters also control the efficiency of graphene-

based plasmonic devices for biosensing applications. This section investigates 

the ability of the different 3D graphene structures to control, tune and enhance 

these parameters that affect the sensing capabilities. One of the first parameters 

that can be clearly analyzed when sensing dielectric materials of an unknown 

permittivity is the shift in the resonant frequency that is induced due to them. 

The minimum allowed detection level is controlled by the FWHM bandwidth 

of resonance. For a comparison between 3D graphene structures of different 

widths, this spectral width should be normalized with respect to the plasmon 

resonant frequency, this translates to the quality factor (Q-factor) of the 

plasmon resonance computed as the ratio of resonant frequency to the FWHM. 

The FWHM and consequently the Q-factor of resonance for graphene are most 

affected by the plasmon relaxation time in graphene usually in the picosecond 

(ps) range. To simulate the effect of the relaxation on the Q-factor in 3D 

graphene with the strongest shifts in section 6.2, simulations were conducted 

from 0.01 to 1.00 ps such that the graphene conductivity used in simulations 
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as given by the Kubo formula changes due to change in relaxation time. As 

clearly seen in Figure 6.5, the Q-factor increases with an increasing relaxation 

by nearly 2 orders of magnitude. The lowest initial Q-factor exists for the tube 

structures but is partially an artifact, which is caused by the superimposition of 

the spectra of their two modes at low relaxation times below 0.2ps. The results 

for the pyramid and cube structures shows that the degree of coupling in the 

3D graphene structures controls the Q-factor and the range of Q-factor with 

relaxation time. This is evidenced by the stronger changes for Q-factor in the 

full 360degree coupling in the octagonal pyramids; meanwhile, the gapped 

tube structures reduce the scattering of light leading to higher confinement and 

spectral narrowing from lower coupling for consequently stronger Q-factor, 

when compared to the cubic structures. 

Figure 6.5 Graph showing the 

change in quality with the 

relaxation time for 3D graphene 

geometries with the highest shift in 

resonant frequency obtained from 

Figure 6.1.  
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 While Q-factor of resonance is the most critical parameter for dielectric 

permittivity sensing, section 6.3 concluded that the sensing of vibrational 

modes in targeted species is controlled most critically by the spectral overlap 

of the graphene plasmon resonance with the amide band and the absorption in 

3D graphene structure. The low or high Q-factor in sensing the vibrational 

modes only becomes important when selecting between the detection of 

several modes simultaneously (broadband, low Q-factor) or individually 

(narrow band, high Q-factor). As discussed in Chapter 1, one of the graphene’s 

advantages stems from the ability to tune the plasmon resonant frequency and 

absorption dynamically with an externally applied gate voltage that causes a 

change in the Fermi level (EF). This tunability allows a perfect overlap with 

the graphene resonance spectra with that of the targeted analyte. Thus, making 

it the ability to tune the plasmon resonance with the Fermi level, a critical 

parameter for detecting the protein and DNA vibrational modes.  
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Figure 6.6 (a) Change in the resonant frequency for 3D graphene structures 

when the Fermi level changes for them. (b) Relative percent change in the 

absorption by plasmons in 3D graphene with Fermi level. 

 

 An advantage of the self-assembled graphene geometries is that all the 

3D nanoarchitectures demonstrate a significant shift in resonant frequency 

with the Fermi level adding credit to their application in vibrational sensing. 

For all the 3D graphene geometries while the shifts are scaled proportional to 

the initial resonant frequency (Figure 6.6a), the slope of the shift remains the 

same across geometries. In contrast, the relative change in absorption across 

the different 3D graphene geometries is non-uniform (Figure 6.6b). A higher 

tunability of the absorption in 3D graphene tubes occurs due to the lower 

interdependent coupling of their plasmon modes, and weaker initial 

absorption. The strong initial absorption in cubic structure renders them 
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weaker to absorption tunability with Fermi level due to saturation to the limit 

of absorption that can be provided by a monolayer of graphene plasmons. The 

large tunability range of the three sensing control parameters namely, Q-factor, 

absorption, and resonant frequency in all the 3D graphene nanoarchitectures 

express their advantages in addition to the novel near-field enhancement 

modes when building plasmonic devices for sensing applications. 
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Chapter 7  
 

Conclusion 

 
 

          In this thesis, three-dimensional photonic devices have been presented 

where the 3D nature of the couplings induced within them offers unique 

advantages and applications. In the case of split-ring resonators, careful design 

of the 3D coupling in a cubic structure, which possesses 9 planes of symmetry 

or 24 rotational symmetries, can deliver isotropic resonances that do not suffer 

the angle-dependence that plague other forms of SRR structure. The novel 

design presented here utilizes orthogonal coupling occurring at the vertices of 

the cubic structure to cause the “split” alignment to be similar to all the vectors 

of the incident light. Moreover, the redesign of the orthogonal resonator 

structures allows achieving a completely anisotropic response as well for 

optical gyroscope applications operating down to 1°/ns.  

 The clear advantages of three-dimensional coupling mechanisms can be 

leveraged for graphene plasmonics as well. Three kinds of plasmonic modes 

can be initiated driven by the three different forms of couplings in the nano-

architectured graphene. In 3D graphene cubes, there exists a uniform 
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orthogonal coupling in all directions between the adjoining faces of the 

graphene structures. This cross-face coupling yields extremely large surface-

area of uniform and strong near-field enhancement that can stretch over 8 times 

the plasmon wavelength especially useful for studying molecular binding 

dynamics and surface-enhanced mid-IR vibrational spectroscopy. The 9 planes 

of symmetry can also be carried forward in irregular structures such as in 

octagonal pyramids. In such structures, there exists a full 360-degree coupling 

of all the edges and slant surfaces at the apex of the pyramid and an out-of-

plane coupling between the apex and the base of the pyramid. The 360-degree 

coupling in these geometries, deliver a “volumetric” plasmon-driven 

enhancement for the graphene structure that is more than 2 orders of magnitude 

stronger than 2D graphene and is beneficial for sensing dielectric material 

properties even at low concentrations of the targeted analyte and single-particle 

vibrational spectroscopy. The tubular structures combine radial coupling with 

edge couplings along the curvature to deliver edge-based enhancement modes 

or virtual surface-area modes at the openings of the tube with limited spatial 

overlap with the substrate, increasing the compatibility of graphene with 

various substrate environments. The edge modes are highly desirable for non-

diffraction-limited plasmonic waveguides and optical interconnects with 

extremely long propagation lengths.  The small diameter tubes offer a 3-fold 
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advantage; firstly, by utilizing the virtual cross-sectional area of uniform near-

field enhancement for detection of analytes as they flow within the graphene 

tubes. Secondly, no loss of target properties occurs due to the need to attach 

targeted molecules on the surface of graphene, which is especially desirable in 

proteins, where surface adhesion changes the in-vivo structure causing them to 

lose their biological functions. And finally, the ease of integration of the 

tubular geometry with microfluidic channels and compatibility with diverse 

substrates. Unlike other forms of 3D graphene, the coupled graphene 3D 

architectures presented here can realize a strong sensitivity for even extremely 

low concentrations of targeted analyte alongside a high figure of merit. In 

addition, the 1% gap-tube structure induces a nearly 6 order of magnitude 

stronger enhancement of the near-field within the gap that propagates across 

the entire length of the structures, which find applications in non-diffraction-

limited plasmonic waveguide technologies that also benefit with easy silicon 

integration due to the tube structure.  

 

          The 3D graphene geometries also allow breaking the mirror symmetry 

across multiple planes to achieve a giant plasmonic optical activity in 

graphene, a concept that has remained almost uninvestigated due to the need 

for out-of-plane asymmetry. The self-assembled graphene helixes deliver a 

chirality greater than 40%, which is rapidly tunable by the geometrical 
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parameters constituting the helical structure. Based on the nanoarchitecture 

that houses these helixes, the resulting structures can be tubular, cubic or 

pyramidal helix each with its distinct advantages. The cubic helixes offer the 

strongest chiral absorption in graphene whereas the tubular helix demonstrates 

the strongest different enhancement of the incident electric field between the 

two circular polarizations. Although the pyramid structures don’t offer a strong 

chiral response when compared to a cubic or tubular helix of similar 

configuration, they form an attractive platform to develop broadband chiral 

response due to the non-uniformity in the graphene dimensions in the direction 

of propagation of the incident wave. These advantages alongside the mid-IR 

protein chirality and vibrational modes, present the possibility of developing 

vibrational circular dichroism spectroscopy using multi-plane asymmetry in 

3D graphene structures.  

 

          The self-assembly technique presented in this thesis for realizing the 3D 

coupled photonic devices is a versatile process that is a combination of top-

down and bottom-up fabrication. The processes presented here can be scaled 

from micro- to nano-scale for delivering 3D SRRs or 3D graphene structures 

that have been characterized using THz TDS, Raman, FTIR, and SINS 

technologies. In addition to the 3D couplings, the hollow cavity within these 

self-assembled 3D materials also offers unique advantages. The volumetric 
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field within the void of 3D graphene pyramids can excite atoms in the bulk 

volume, not only those near the surface of graphene, thus, achieving higher 

carrier generation to deliver fuel cells with lower reaction temperatures and 

photodetectors with higher efficiency and low response time.  

 There are several advantages of the 3D graphene nanostructures over 

conventional carbon nanotubes and fullerene. Compared to solution-processed 

carbon nanotubes and fullerenes, the combination of top-down and bottom-up 

fabrication used in 3D graphene tubes allows them to be easily integrated with 

devices fabricated by lithographic processes. Moreover, the structure, 

dimensions, and position of the 3D graphene nanostructures are easily 

controlled by the initial 2D pattern before self-assembly, thus, allowing much 

greater flexibility for device applications without limitations arising from 

limited geometries/size inaccuracies within carbon nanotubes and errors 

introduced during their transfer process. 

 In addition to their optical properties, self-assembled graphene is 

beneficial for a variety of other applications. Examples include: (i) gas/water 

protected containers or barriers for environmentally sensitive 

chemical/biological materials and molecular storages (due to graphene’s gas-

impermeability), (ii) targeted drug delivery systems, (iii) enclosed 

environmental cells for application in transmission electron microscopy 
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(TEM) providing in situ observation of fuel cells, batteries, catalysts, and 

biomedical materials, (iv) functional (or tunable) devices achieved through 

surface modification and encapsulation of nanomaterials such as colloidal 

nanoparticles, quantum dots, DNA, or segments, and (v) electronic devices and 

metamaterials (i.e., hollow microcube resonators) created by metal patterning 

on graphene surfaces.  

 Further investigation of symmetrical and asymmetrical couplings in 3D 

graphene structures can reveal unique plasmonic properties and their novel 

applications. The machine learning technique introduced here to study the 

plasmonic resonance in 3D graphene structures offers a pathway for 

developing a rapid design technique for highly efficient plasmonic devices. For 

a structure to accomplish infinite symmetry planes, the only available 

geometry is that of a sphere, but the interactions, applications, and integration 

of such a structure are extremely limited. However, careful design of the self-

assembled structured such as broadband multi-layer graphene chirality or 

multi-plane symmetry through structures such as dodecahedral graphene. 

These unique advantages can be applied for the early detection of various 

disease-causing mutations at a molecular level in the DNA or proteins due to 

the mid-IR vibrational modes. Recent events have proven the need for rapid 

sensing technologies that can be easily administered in remote areas for a more 
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public health approach to breakthrough medicine. The widespread cancer 

burden across the world, which is caused by the short lead time of current 

detection techniques (<0.1-2 years), unfavorable prognosis at advanced stages, 

and complications arising after and during lung biopsy, places a severe burden 

on remotely located, low-income populations. Analysis of circulating tumor 

DNA, which is a low concentration, but an early disease marker that can save 

millions of lives. The application of optofluidic 3D graphene-based plasmonic 

sensors for analysis of mutations in circulating tumor DNA can provide cancer 

testing outreach to vulnerable populations and improve the prognosis for 

countless people.  
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