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ABSTRACT 

Metamaterials have demonstrated unusual electromagnetic properties, which enable various novel 

applications, such as sub-wavelength imaging and optical filters. Now it has come to the time to 

realize these applications with metamaterial based devices. One of the greatest challenges of the 

metamaterial applications is the fabrication of large-area metamaterials. In this dissertation, we 

describe a simple and scalable fabrication technique for chiral metamaterial, which is an important 

branch of metamaterials with a great capability of manipulating polarizations of light. Our 

fabrication technique is based on dynamic shadowing growth on self-assembled colloidal 

monolayers, which mainly employs the shadowing effect of regular colloidal nanospheres during 

physical vapor depositions to produce ordered arrays of chiral nanostructures.  

 Using this fabrication technique, two strategies for preparing chiral nanostructures have 

been demonstrated. The first strategy is to create a single layer of quasi-three-dimensional 

nanostructure films with chiral shape on nanospheres in one plasmonic material, such as silver. A 

systematic study reveals that various nanostructures can be created using this method by simply 

tuning the monolayer orientations with respect to the incident vapor. Fan-shaped chiral 

nanostructures obtained at a particular monolayer orientation exhibit giant chiral optical response 

with fabrication conditions optimized. The second strategy is to create three-dimensional multiple 



layers of chiral nanostructures with one plasmonic material, such as silver, and one dielectric 

material, such as silicon dioxide. The plasmonic or dielectric layers are helically stacked forming 

two helices twisted together. Two different chiral structures have been realized by this method, 

helically stacked plasmonic layers, and Swiss roll nanostructures.  

 Finally, we demonstrate that this dynamic shadowing growth fabrication method can be 

used for developing chiral optical devices. The fan-shaped chiral nanostructures are fabricated on 

a monocrystalline monolayer on 1 cm2 substrate, which can be potentially developed as a narrow-

band circular polarizer after annealing. Active chiral optical device can be obtained by transferring 

such large-area chiral metamaterial into a flexible polymer substrate, whose optical property can 

be tuned by mechanical deformations. The fabricated chiral metamaterial can also be used as a 

localized surface plasmon resonance based sensor for refractive index sensing, with an enhanced 

sensitivity.  
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helices ......................................................................................................................17 

Figure 1.4.1: (a) Au helical microstructures as a broadband circular polarizer in IR region. (b) 

Stacked plasmonic rods as a broadband circular polarizer in visible to near-IR 

region. (c) S-shaped nanohole arrays as a 90°-polarization rotator at a wavelength of 

1089 nm. (d) Chiral gyroid networks as a chiral beam splitter around 1.615 µm. (e) 

Chiral metamaterial based circularly polarized light detector .................................18 

Figure 1.4.2: (a) Chiral structures consisting of Au bars and Si pads with chiral optical response 

switched by optical excitation. (b) Chiral plasmonic nanostructures combined with 

a phase change material Ge3Sb2Te6. The large change in dielectric constant of 

Ge3Sb2Te6 induced by phase transition shifts the CD spectra. (c) A planer spiral that 

can be deformed into a 3D spiral in different handedness by a pneumatic force, with 

tunable chiral optical response ................................................................................20 

Figure 1.4.3: (a) Nonlinear optical activity generated by an extrinsic chiral metamaterial. (b) Giant 

difference in second-harmonic response between LCP and RCP excitation from a 

twisted arc chiral metamaterial. (c) Superchiral field based sensing for enantiomers 

using gammadion chiral plasmonic structures ........................................................22 



 

xi 

Figure 2.1.1: Schematic illustrations for top-down methods (a) EBL and (b) DLW, bottom-up 

methods (c) self-assembly on DNA template and (d) self-assembly of block 

copolymers, and hybrid methods between top-down and bottom-up (e) FIBID and 

(f) mask-assisted PVD .............................................................................................27 

Figure 2.2.1: (a) Schematic diagram of DSG in a vacuum deposition system. (b) Schematic 

diagram of the initial nuclei formation, the nanorod growth under shadowing effect, 

and the obtained nanorod array (from top to bottom) .............................................31 

Figure 2.2.2: (A)–(F) Schematics and (A’)–(F’) SEM images of typical nanorod arrays fabricated 

by DSG.  (A) Titled nanorods and (A’) titled Si nanorods deposited at θ = 80°; (B) 

vertical nanorods and (B’) vertical Si nanorods deposited at θ = 86°; (C) helical 

nanorods and (C’) regular array of helical Si nanorods; (D) and (D’) zigzag 

nanorods; (E) C-shaped nanorods and (E’) C-shaped MgF2 nanorods. (F) bead-like 

nanorods and (F’) bead-like Si nanorods ................................................................33 

Figure 2.2.3: (A) Top- and (B) side-view images comparing aperiodic (left) and periodic (right) Si 

nanorods by DSG. The periodic Si nanorods are grown on a seed layer ................33 

Figure 2.3.1: (a) The experimental setup for preparing self-assembled colloidal monolayers. (b) 

The formation of monolayers in Petri dish. (c) The obtained monolayer on a glass 

substrate. (d) Top-view SEM image of the nanosphere monolayer with d = 750 

nm ............................................................................................................................35 

Figure 2.4.1: Cross-sectional and (b) top view of DSG on a hexagonal nanosphere array. (c) The 

surface of the nanosphere is split into many surface elements for calculating the 

thickness distribution. (d) Each surface element (θ, φ) with its surface normal n̂  .37 

Figure 2.4.2: Graphic user interface of the morphology calculation program ...............................40 



 

xii 

Figure 2.4.3: The calculated morphology of the nanostructures fabricated by an OAD at θ0 = 86° 

and φ0 = 0°, 5°, 10° … 60° ......................................................................................41 

Figure 2.5.1: Top-view SEM image of Ag films on the monolayer with two clusters of extra beads 

on the top of the monolayer with three-armed star shaped shadowed area. Red arrows 

indicate the direction of incident vapor flux, and the yellow line passes through the 

centers of nanospheres .............................................................................................43 

Figure 2.6.1: Schematic of the custom spectroscopic microscope setup. L: lens, I: iris, LP: linear 

polarizer, QWP: quarter wave plate, M: mirror. M1 is on a flip mount, which either 

reflects light to the camera or allows light to transmit to the monochromator .......45 

Figure 2.7.1: Yee’s cell ..................................................................................................................47 

Figure 2.7.2: The flowchart for FDTD algorithm ..........................................................................49 

Figure 2.7.3: (a) The geometric model created in XFDTD for an array of nanospheres (b) One unit 

cell of the nanosphere array as meshed in an FDTD grid .......................................51 

Figure 3.2.1: Scheme of fabrication process of Ag chiral patchy particles. (a) Ag vapor flux is 

incident upon the monolayer at an oblique angle θ = 86° with respect to the substrate 

normal. (b)–(d) Ag vapor flux is incident upon the monolayer in three azimuthal 

directions with an interval of Δφ = 120°. The azimuthal direction of Ag vapor flux 

and a dashed line going through the centers of the nanospheres form an angle, φ0 

                       .................................................................................................................................53 

Figure 3.2.2: Simulated morphologies of chiral patchy particles in differently orientated domains 

with φ0 = 0°, 5°, 10°, 15°, 20°, 25°, 30°, 35°, 40°, 45°, 50°, 55°, and 60°..............54 

Figure 3.2.3: (a) Transmission spectra, and (b) CD spectra of Ag patchy particles prepared by CW, 

CCW, and CW/CCW substrate rotations ................................................................55 



 

xiii 

Figure 3.2.4: SEM images of Ag patchy particles prepared by (a) CW and (b) CCW rotations of 

the substrate during DSG ........................................................................................56 

Figure 3.3.1: (a) SEM images, (b) optical micrographs under LCP and RCP light illuminations, (c) 

measured circularly polarized transmittance, (d) both measured and simulated 

differential circularly polarized transmittance ΔT, and (e) simulated circularly 

polarized transmittance, for Domains #1–6. The scale bars in (a) and (b) represent 

500 nm and 100 μm, respectively............................................................................58 

Figure 3.3.2: Geometric models of Ag nanostructures in Domains #1–6 that are used in FDTD 

simulations. The green rectangles indicate the simulation space, which is a unit cell 

of the nanosphere array. The nanosphere diameter is 500 nm ................................62 

Figure 3.3.3: Simulated near-field current directions of (a) Domain #2 with LCP incident light at 

λ = 707 nm, (b) Domain #2 with RCP incident light at λ = 943 nm, (c) Domain #4 

with RCP incident light at λ = 682 nm, (d) Domain #4 with LCP light at λ = 833 nm, 

(e) Domain #5 with RCP incident light at λ = 710 nm, (f) Domain #5 with LCP light 

at λ = 1000 nm, and (g) Domain #6 with RCP incident light at λ = 913 nm. The insets 

are simulated current distributions when the currents are in direction of green arrows

 .................................................................................................................................63 

Figure 3.3.4: (a) Optical micrographs at a boundary of Domains #7 and #8 under LCP and RCP 

illuminations. (b) Measured (dotted lines) and fitted (solid lines) ΔT spectra of a 

mixture of Domains #7 and #8 with different area percentage X of Domain #7. (c) 

The relationship between measured X and fitted X .................................................65 

Figure 3.4.1: (a) Simulated chiral fan-shaped nanostructures fabricated with φ0 = 53°, and θ = 82°, 

84°, 86° and 88°. Top-view SEM images of Ag fan-shaped nanostructures with (b) 



 

xiv 

θ = 82°, φ0 = 53°, (c) θ = 84°, φ0 = 54°, (d) θ = 86°, φ0 = 52°, and (e) θ = 88° φ0 = 

53°. The scale bar in (b)-(e) represents 1 µm ..........................................................67 

Figure 3.4.2: (a) T(RCP), (b) T(LCP), (c) ΔT, and (d) g-factor spectra for Ag fan-shaped 

nanostructures fabricated at θ = 82°, 84°, 86° and 88° ...........................................69 

Figure 3.4.3: Top-view SEM images of Ag fan-shaped nanostructures with (a) tQCM = 4×10 nm, 

φ0 = 52°, (b) tQCM = 4×20 nm, φ0 = 54°, (c) tQCM = 4×25 nm, φ0 = 53°, (d) tQCM = 

4×30 nm, φ0 = 54°, (e) tQCM = 4×35 nm, φ0 = 53°, and (f) tQCM = 4×40 nm, φ0 = 54°. 

The scale bar in each figure represents 1 µm ..........................................................72 

Figure 3.4.4: (a) T(RCP), (b) T(LCP), (c) ΔT, and (d) g-factor spectra for Ag fan-shaped 

nanostructures fabricated with tQCM = 4×10 nm, 4×20 nm, 4×25 nm, 4×30 nm, 4×35 

nm and 4×40 nm ......................................................................................................73 

Figure 3.4.5: The SEM images of Ag fan-shaped nanostructures fabricated by DSG with θ = 84° 

and tQCM = 4×30 nm (a) before and (b) after annealing. T(RCP) and T(LCP) spectra 

of Ag fan-shaped nanostructures (c) before and (d) after annealing. (e) T(RCP)-

T(LCP) and (f) T(RCP)/T(LCP) spectra of Ag fan-shaped nanostructures before and 

after annealing .........................................................................................................76 

Figure 3.5.1: Measured (a) T(RCP), and (b) T(LCP) spectra of the chiral fan-shaped nanostructures 

made by Ag, Au, Cu, and Ni. ..................................................................................79 

Figure 3.5.2: (a) Measured, and (b) simulated ΔT spectra of the chiral fan-shaped nanostructures 

made by Ag, Au, Cu, and Ni ...................................................................................79 

Figure 4.2.1: Schematics of deposition processes and expected structures for LH- and RH-HSPLs. 

The process includes 7 deposition steps: ○1 Ag, ○2 SiO2, ○3 Ag, ○4 SiO2, ○5 Ag, ○6

SiO2, and ○7 Ag. The direction of each deposition is indicated by the white (Ag) or 



 

xv 

blue (SiO2) arrow. Top-view figures of LH- and RH-HSPLs at each step are shown 

at the left and right edges. 3D schematics of the expected structures are shown at the 

bottom ......................................................................................................................85 

Figure 4.2.2: (a) Top-view SEM images of LH-HSPLs on d = 500 nm nanosphere monolayers. 

(b)-(d) Higher magnification images for Domains #1–4, respectively. (f)-(h) SEM 

images of Domain #4 at different fabrication steps. Insets are the morphologies 

obtained by simulations. The order and directions of depositions are shown at the 

top. The scale bar represents 10 μm in (a), and represents 1 μm in (b)-(h) .............87 

Figure 4.2.3: First four columns: the simulated morphology of single layers on nanospheres in four 

deposition directions on domains with φ0 = 0°, 10°, 20°, 30°, 40°, and 50°, 

respectively. The last column: the simulated morphology of the stacked layers. The 

arrows at the top indicate the deposition directions ................................................88 

Figure 4.2.4: (a) Domain area distributions of d = 200, 350, and 500 nm monolayers. (b) 

Distribution of domain area versus φ0 .....................................................................89 

Figure 4.2.5: TEM images of RH-HSPLs on (a) 200nm, and (b) 500nm nanospheres. White and 

blue dashed lines are artificially added to outline Ag and SiO2 layers, respectively. 

Insets are 3D schematics of RH-HSPLs expected from the deposition sequence ...90 

Figure 4.2.6: (a) Unpolarized transmittance spectra, (b) transmittance difference between RCP and 

LCP light, and (c) g-factor spectra, of LH- and RH-HSPLs on d = 200 nm, 350 nm, 

and 500 nm monolayers. The inset in (a) is an extended wavelength range 

transmittance spectrum for d = 500 nm. Note that “PS” and the arrows in (a) mark 

the wavelength locations of the photonic band gap and the Ag LSPR, 

respectively ..............................................................................................................91 



 

xvi 

Figure 4.2.7: (a) Schematics of geometric models used in FDTD simulations. The yellow rectangle 

in first three figures illustrates a unit cell of the HSPL arrays. (b) The simulated ΔT 

spectra of HSPL domains with φ0 = 0°, 15°, 30° and 45°. (c) The averaged simulated 

ΔT spectrum versus the measured ΔT spectrum ......................................................93 

Figure 4.2.8: (a) The simulated circular polarized transmittance spectra, and (b) the simulated ΔT 

spectra of LH-HSPLs on d = 200, 350, and 500 nm beads, with φ0 = 0°. (c) The near-

field current distribution at the wavelength corresponding with “R”. An illustration 

of current flow is shown in the middle, and the current density distributions on Ag 

layers exported from XFDTD software are shown on left and right sides ..............95 

Figure 4.2.9: (a) The top-view SEM image of a single Ag layer made by DSG with a swing rotation 

of the substrate. (b) The top-view SEM image of the obtained HSPLs prepared by 

DSG with a swing rotation of the substrate. (c) The ΔT spectra of LH-HSPLs on d 

= 200, 350, and 500 nm nanospheres, prepared by DSG with a swing rotation of the 

substrate ...................................................................................................................96 

Figure 4.3.1: Schematics of the fabrication procedure of RH- and LH-conical Swiss roll 

nanostructures. The fabrication includes 10 steps: ① preparation of substrates, ② 

preparation of colloidal monolayers, and depositions of ③ SiO2 frustum, ④, ⑥R, 

⑥L, ⑧R, ⑧L, ⑩R, ⑩L Ag side-coatings, and ⑤, ⑦R, ⑦L, ⑨R, ⑨L SiO2 side-

coatings. The black and blue arcs with arrows indicate how the vapor direction 

rotates with respect to the substrate .........................................................................99 

Figure 4.3.2: (a) A swing deposition of Ag on an array of SiO2 frustums on monolayers. (b) Top-

view and (c) tilted-view image of the simulated thickness distribution on the SiO2 

frustum and the bead .............................................................................................100 



 

xvii 

Figure 4.3.3: (a) Top-view and (b) cross-sectional SEM images of SiO2 frustums on colloidal 

monolayers, corresponding to the structure at step ③. (c) Top-view and (d) cross-

sectional SEM images of one Ag layer on each SiO2 frustum, corresponding to the 

structure at step ④. (e) Top-view and (f) cross-sectional SEM images of LH-Swiss 

roll nanostructures, corresponding to the structure at step ⑩L. (g) TEM images of 

LH-Swiss roll nanostructures, corresponding to the structure at steps ④ and ⑩L. 

(h) Schematic of a Swiss roll structure. The scale bar in each SEM image represents 

500 nm. The insets in (b), (d), and (f) show the schematics of the corresponding 

structures ...............................................................................................................102 

Figure 4.3.4: Circularly polarized differential transmittance spectra ΔT (solid lines) and 

unpolarized transmittance spectra T (dashed lines) of Swiss roll nanostructures on 

(a) d = 350 nm beads, and (b) d = 500 nm beads ..................................................104 

Figure 4.3.5: (a) Geometric model of RH-Swiss roll on d = 350 nm beads. The yellow box 

illustrates one unit cell of Swiss roll arrays, with absorbing boundary condition for 

top and bottom sides, and periodic boundary condition for other sides. The simulated 

T(LCP) and T(RCP) spectra for Swiss roll nanostructures on (b) d = 350 nm, and (c) 

d = 500 nm beads. (d) ΔT spectra for Swiss roll nanostructures on d = 350 and d = 

500 nm beads .........................................................................................................106 

Figure 5.2.1: (a) Schematic of the laser diffraction of the self-assembled colloidal monolayer. (b) 

The photograph of a 1 cm2 polycrystalline monolayer on a glass substrate. (c) Laser 

diffraction pattern of the polycrystalline monolayer .............................................110 

Figure 5.2.2: (a) The photograph of a 1 cm2 monocrystalline monolayer on a glass substrate. (b) 

Laser diffraction pattern of the monocrystalline monolayer, and determination of φd. 



 

xviii 

(c)-(j) Laser diffraction patterns of the monocrystalline monolayer, recorded every 

1 mm across the substrate, with the measuring spot shown in (a) ........................111 

Figure 5.2.3: ΔT spectra of Ag fan-shaped nanostructures on a 1 cm2 monocrystalline monolayer 

and patchy films on a 1 cm2 polycrystalline monolayer, measured by the 

spectroscopic microscope with a beam diameter ~ 5 mm .....................................112 

Figure 5.3.1: (a) The process of transferring Ag chiral particles into a PDMS substrate. (b) The 

photograph of the flexible chiral metamaterial substrate. (c) Top-view, and (d) side-

view SEM images of the flexible substrate surface where a thin layer of Au 

nanoparticles is coated for SEM imaging. The scale bar in (c) and (d) represents 1 

µm ..........................................................................................................................114 

Figure 5.3.2: (a) Schematic illustration of how nanospheres move when stretching in x direction: 

a nanosphere originally at (x0, y0) moves to (x, y0) due to the x direction stretching 

of the PDMS substrate, and finally move to (x, y) due to the shrinking in y direction 

of PDMS substrate. (b) Schematic illustration of how nanospheres move when 

stretching in y direction: a nanosphere originally at (x0, y0) moves to (x0, y) due to 

the x direction stretching of the PDMS substrate, and the shrinking of the PDMS 

substrate does not move the nanosphere due to the rigid body of nanospheres ....116 

Figure 5.3.3: The calculated based on the shrinking of the PDMS substrate, )1(0 yeyy  , and  

the minimum value for y, required by the rigid body of nanospheres, 

22

min xDy  , as functions of ex .....................................................................117 

Figure 5.3.4: Schematic illustration, and (b) photograph of the stretching and optical measurement 

setup .......................................................................................................................119 

Figure 5.3.5: Circularly polarized transmittance and differential transmittance spectra of the 



 

xix 

flexible substrates with stretching in x and y directions. T(RCP) spectra with 

stretching in (a) x and (b) y directions. T(LCP) spectra with stretching in (c) x and 

(d) y directions. T(RCP)-T(LCP) spectra with stretching in (e) x and (f) y 

directions ...............................................................................................................120 

Figure 5.3.6: (a) λRCP, (b) λLCP, (c) λA, and (d) λB as a function of strain e with stretching in x and y 

directions ...............................................................................................................121 

Figure 5.3.7: The geometric models of Ag fan-shaped nanostructures embedded in PDMS used in 

FDTD simulation. (a) Top-view of the flexible substrate with ex = 0 and ey =0. (b) 

Side-view of the flexible substrate. Top-view of the flexible substrate with (c) ex = 

0.125 and ey =0, and (d) ex = 0 and ey =0.125 .......................................................123 

Figure 5.3.8: A comparison between simulated and measured T(RCP), T(LCP), and T(RCP)-

T(LCP). (a) Simulated spectra and (b) measured spectra with ex = 0.125, ey = 0. (c) 

Simulated spectra and (d) measured spectra with ex = 0, ey = 0.125.....................123 

Figure 5.3.9: The simulated (a) T(RCP), (b) T(LCP), and (c) T(RCP)-T(LCP) at three different 

stretching states: ex = 0, ey =0; ex = 0.125, ey =0; ex = 0, ey =0.125 ......................124 

Figure 5.4.1: (a), (b) Representative top-view SEM images, (c),(d) Measured T(RCP) and 

T(LCP), and (e), (f) Simulated T(RCP) and T(LCP) of Structure R and L, 

respectively. The insets in (e) and (f) are the geometric models in FDTD 

simulations .............................................................................................................126 

Figure 5.4.2: (a) TR(RCP), (b) TR(LCP), and (c) ΔTR spectra of Structure R in sucrose solutions at 

different concentrations .........................................................................................128 

Figure 5.4.3: Peak wavelength λp versus refractive index n of sucrose solutions for Structure R. 

The straight lines are linear fittings of λp...............................................................130 



 

xx 

Figure 5.4.4: TR(RCP) and TR(LCP) spectra (a) at n = 1.333, and (b) at n = 1.4307. The green line 

is used to separate the contributions from TR(RCP) and TR(LCP) peaks to ΔTR 

peak .......................................................................................................................130 

Figure 5.4.5: (a) Simulated TR(RCP), TR(LCP) and ΔTR spectra for Structure R at n = 1.333. (b) 

Peak wavelength λp of the simulated peaks BR, DR, and FR versus refractive index n. 

The straight lines are linear fittings of λp. Near-field current distribution of Structure 

R with n = 1.333 excited at (c) resonance AR (RCP, λ = 650 nm), and (d) resonance 

DR (LCP, λ = 720 nm). The arrows indicate the current oscillation directions. The 

current flows represented by the three arrows appear in sequences at different phases

 ...............................................................................................................................132 

 



 

1 

 

 

CHAPTER 1 

 

INTRODUCTION 

 

1.1 Metamaterials and chiral metamaterials 

In history of science, the manipulation of material properties has never stopped. The desire of 

controlling material properties went to extreme in Feynman’s talk in 1959, in which he asked 

“What would the properties of materials be if we could really arrange the atoms the way we want 

them?”.[1] Although arranging atoms has not been realized so far, we have achieved a great 

progress in creating artificial materials with extraordinary properties, one of which is referred to 

as metamaterial. In the past two decades, electromagnetic (EM) metamaterials emerged as a new 

research field and developed rapidly benefitted from the advance of nanofabrication technology. 

Metamaterials are composite materials consisting of numerous artificially designed unit 

structures.[2] The size and spacing of the unit structures are required to be much smaller than the 

target operating wavelength, so that the assembly of unit structures respond to EM radiations as 

continuous materials with an effective material property in macroscopic scale.[3] The effective 

material property is primarily determined by the size, shape, material, and arrangement of the unit 

structures, and can be distinct from those found in natural materials, whose property is mainly 

determined by their chemical elements and bonding arrangement.  

 The metamaterial research started with exploring the negative refraction, which cannot be 

observed in any natural material.[4] In 1968, the concept of metamaterials was first proposed by  
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Figure 1.1.1. (A) Illustration of negative refraction at an interface between media with positive 

and negative refractive indices. (B) Photograph of the metamaterial with negative refractive 

index in microwave region, which contains copper wires and split ring resonators. (C) Scanning 

electron microscopy image of the fishnet metamaterial with negative refractive index in optical 

region. The inset shows alternating layers of 30 nm of Ag and 50 nm of MgF2. Ref.[5] 

 

Veselago, who found in his theoretical investigation that the refractive index can be expressed as 

n , with both relative electric permittivity ε and relative magnetic permeability µ 

negative.[6] A negative refraction occurs at an interface between media with positive and negative 

refractive indices. According to Snell’s law, the refraction angle is negative at such an interface, 

leading to the fact that the incident and refracted light are on the same side with respect to the 

surface normal, as illustrated in Figure 1.1.1A. When light travels in the media with negative 

refractive index, the wave vector k


 and Poynting vector S


 are in the opposite directions, which 

is distinctly different from those in the media with positive refractive index. In 2000, the negative 

refraction was demonstrated experimentally for the first time in microwave region.[7] Figure 

1.1.1B shows a typical structure design for the metamaterials with negative refractive index in 

microwave region, which consists of copper wires and split ring resonators. The negative refraction 

of metamaterials were investigated mostly in microwave region in the early stage,[8-10] and were 

later moved to terahertz and optical regions with the advance of nanofabrication techniques.[11-

13] Figure 1.1.1C shows the scanning electron microscopy (SEM) image of the well-known 

fishnet metamaterial with negative refractive index in optical region.[14] The negative refraction 
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may enable some promising applications, including cloaking,[15] subwavelength imaging,[16] 

and hyperbolic dispersion.[17] Recently, more efforts have been made to extend the functionalities 

of metamaterials, including low or high permittivity,[18, 19] manipulating polarization of 

light,[20, 21] tunable property,[22, 23] nonlinear optical response,[24, 25] etc. 

 The exploration of negative refraction leads to the invention of a new type of 

metamaterial—chiral metamaterial. The unit structure of chiral metamaterials has geometric 

chirality, which means it cannot be superposed with their mirror images. Chiral metamaterial was 

proposed as another route to achieve negative refraction by Pendry in 2004.[26] Before chiral 

metamaterial was proposed, the negative refractive index was primarily achieved by making the 

relative electric permittivity and relative magnetic permeability negative simultaneously, which 

required two separate resonances and complicated structure design, such as the one in Figure 

1.1.1B. Pendry showed that chiral metamaterial with a single chiral resonance could realize the 

negative refraction of one circular polarization, which simplified the structure design and extended 

the understanding of negative refraction. In his seminal publication on chiral metamaterial, Pendry 

also presented the first chiral metamaterial design—Swiss roll structure, which was then studied 

in microwave region for negative refraction.[27, 28] Recently, Swiss roll nanostructures have been 

realized in our laboratory with chiral optical response in optical region, as it will be demonstrated 

in Chapter 4.[29] Besides Swiss roll structure, various two-dimensional (2D) and three-

dimensional (3D) chiral metamaterials have been realized in the size scale of tens of nanometers 

to a few millimeters.[21, 30-49] In 2009, a 3D chiral metamaterials with negative refractive index 

was experimentally demonstrated in terahertz region.[50] In 2010, the spatial shift of the refracted 

beam in the negative refraction was first observed experimentally in chiral metamaterial in 

microwave region.[51] Recently, the research of chiral metamaterials is no longer limited to 
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exploring negative refraction. Many efforts have been made in developing chiral metamaterials 

for manipulating the polarization states of light.[21, 52, 53] Additionally, chiral metamaterials 

have also been investigated for repulsive Casimir forces,[54, 55] unusual spin Hall effects,[56] 

superchiral field based bio-sensing,[57, 58] nonlinear chiral media,[59-61] and switchable chiral 

media.[62, 63] With multiple functionalities, chiral metamaterial has grown to be an important 

class of metamaterials.  

 

1.2 Plasmonics  

Metamaterials commonly comprise metallic structures, the size of which is required to be smaller 

than the operating wavelength. More interest has been drawn in the application of metamaterials 

in optical to near-infrared (near-IR) region, which requires the dimension of the unit structure in 

metamaterials to be reduced down to nanometer scale. The metallic nanostructures cannot be 

simply treated as perfect metals with infinite carrier density and zero carrier velocity, and exhibit 

many new physical properties, which have been investigated in a research field called 

plasmonics.[64] 

 Plasmon represents the collective oscillation of conduction electrons in metals. The 

plasmons existing at the interface between metals and dielectric materials is called surface 

plasmons, as shown in Figure 1.2.1a. Excited by light, the surface plasmons propagate along the 

interface and are confined evanescently in the perpendicular direction. When the surface plasmons 

are confined to a metallic structure at a smaller size than the excitation wavelength, a local 

collection oscillation of conduction electrons can be observed, which is referred to as localized 

surface plasmon, as shown in Figure 1.2.1b. The boundary of the metallic nanostructures implies 

an effective restoring force on the conduction electrons, which leads to a resonance of localized  
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Figure 1.2.1. Schematic illustration of (a) surface plasmons, and (b) localized surface plasmons. 

Ref.[65] 

 

surface plasmon at a specific frequency. This resonance is known as localized surface plasmon 

resonance (LSPR). LSPR has two major effects, enhanced localized electric field (ELEF) around 

the nanostructures and maximized optical extinction at the resonance wavelength. LSPR is 

sensitive to the material, size, shape, and surrounding dielectric constant of the metallic 

nanostructures. Although these interesting plasmonic effects are associated with nanometer sized 

structures, they can still be understood based on Maxwell’s equations. The extinction cross-section 

σext for a spherical nanoparticle with a volume V and a dielectric function ε = ε1 + iε2, is calculated 

based on Mie theory to be,[66] 
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where εm is the dielectric function of the surrounding medium, and λ is the wavelength of incident 

light. According to Equation (1.2.1), the extinction reaches the maximum when m 21  , which 

explains the dependence of LSPR wavelength on the dielectric constant of the surrounding medium. 

 The mathematical foundation for plasmonics was established around 1900.[67, 68] 

However, the application of plasmonics was started in 1970s.[69, 70] With the development of 

nanofabrication techniques, a variety of applications have been enabled based on the unique 

properties of surface plasmons and localized surface plasmons. For example, the resonance angle 

of surface plasmon resonance is very sensitive to the refractive index of the surrounding medium, 

which has been used for chemical and biological sensing.[71] The ELEF of surface plasmons has 

been utilized for manipulating and trapping micro/nano-sized particles.[72] In addition, the ELEF 

induced by LSPR of nanostructures is found to be the main origin for the surface-enhanced 

spectroscopies, such as surface enhanced Raman spectroscopy.[73, 74] Due to the intense 

extinction of LSPR, the plasmonic nanostructures have been applied for assisting photocatalytic 

process and local heating.[75-77] The dependence of LSPR wavelength on the refractive index of 

surrounding medium is used for bio-sensing application.[65, 66]  Recently, the broad applications 

of plasmonics start to include metamaterials when the wavelength of interest for metamaterials 

moves to optical region. The collective electron oscillation in plasmonic metamaterials enables 

strong light-matter interaction, which is crucial for the novel optical properties of plasmonic 

metamaterials. The ELEF can enhance some weak processes, such as nonlinear optical process, 

which can be further utilized in plasmonic metamaterials. The LSPR wavelength depends on 

different factors, leading to highly tunable spectra of the plasmonic metamaterials. Benefited from 
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the spectacular properties of plasmonic effects, a variety of plasmonic metamaterials have been 

realized with different functionalities.[5, 22]  

 

1.3 Chiral optical effects 

Chirality is an asymmetry property that is caused by the lack of plane symmetry. Objects are called 

chiral when they cannot be superimposed with their mirror images. A chiral structure and its mirror 

image are called enantiomers of each other. The geometric chirality of chiral molecules, crystals, 

and nanostructures often leads to different interactions with two circular polarizations of light, i.e. 

right-handed circular polarization (RCP) and left-handed circular polarization (LCP), which gives 

rise to chiral optical effects. 

 

1.3.1 Optical rotation and circular dichroism 

There are two basic linear chiral optical effects, known as circular birefringence (CB) and circular 

dichroism (CD). The circular birefringence describes the different refractive indices n (or real part 

of the complex refractive index iknn ~ ) for RCP and LCP, while circular dichroism describes 

the different extinction coefficients k (or imaginary part of n~ ) for RCP and LCP.  

 Circular birefringence is also called optical rotation (OR) and optical rotatory dispersion 

(ORD) if it is a function of wavelength. This is because a medium with CB can rotate the 

polarization of linearly polarized light by an angle α. In a medium with refractive indices nR and 

nL for RCP and LCP, a linearly polarized light can be regarded as a superposition of coherent RCP 

and LCP light beams of equal magnitude ERCP and ELCP, as shown in Figure 1.3.1a. Then the 

polarization direction of the linearly polarized light in the medium depends on the relative phase 

between RCP and LCP components. The different nR and nL lead to different light speeds vR and  
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Figure 1.3.1 (a) The incident linearly polarized light, which can be decomposed into two 

coherent components in RCP and LCP. (b) The exiting light after travelling in a medium with 

CB, which has a linear polarization rotated by an angle of α. (c) The exiting light after travelling 

in a medium with CD, which an elliptical polarization with an ellipticity ψ. (d) The exiting light 

after travelling in a medium with both CB and CD, which has an elliptical polarization with an 

ellipticity ψ and a rotated angle α of the major axis. 

 

vL in the medium, which subsequently induces a continuously changing relative phase between 

RCP and LCP components in the light propagation direction. As shown in Figure 1.3.1b, the 
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change in relative phase between RCP and LCP rotates the linear polarization by an angle of α 

after a travel distance l in the medium. The angle of rotation can be calculated by, 

                                                     )()( RL
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nn
l

v

l

v

lc









 ,                                         (1.3.1) 

where c is the light speed in vacuum. Therefore, the optical rotation is a function of RL nn  .  

  In the above discussion, only difference between nR and nL is considered with assuming 

an equal value of kR and kL, where kR and kL are extinction coefficients for RCP and LCP, 

respectively. Now if kR ≠ kL while nR = nL, no difference between nR and nL indicates no optical 

rotation of the linear polarization. However, the two circular polarization components would have 

different magnitudes ERCP and ELCP in the medium, which leads to an elliptically polarized light 

beam with a semi-major axis (ELCP+ERCP) and a semi-minor axis (ELCP-ERCP), as shown in Figure 

1.3.1c. The ellipticity ψ is defined as the ratio between the semi-minor axis and the semi-major 

axis 
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When ERCP > ELCP, ψ is positive, corresponding to a clockwise rotation of the electric field vector, 

and when ERCP < ELCP, ψ is negative, corresponding to a counter-clockwise rotation of the electric 

field vector. According to the definition of extinction coefficients, the attenuated electric field after 

a propagation distance l is )/2exp()0()(  lkElE RRCP  and )/2exp()0()(  lkElE LLCP  . 

Thus, the ellipticity is then calculated as 
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When ψ is small, the ellipticity can be approximately expressed as  
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which indicates the ellipticity is a function of RL kk  . Different materials can exhibit different 

chiral optical response, which can be dominated by CB, CD, or both (Figure 1.3.1d). 

 

1.3.2 Chiral optical effects of natural molecules 

Chiral optical effects have been used to determine the enantiomeric excess of molecules and the 

conformation states of biological molecules. However, natural molecules generally have very low 

chiral optical effects. According to the quantum theory of optical activity given by Rosenfeld,[78] 

the optical rotation α, in radians per cm, at the frequency ν, can be expressed as 

                                                       
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
m m
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
 ,                                                   (1.3.5) 

where N is the number of molecules per cm3, R0m is the rotational strength of the transition from 

the electron ground state Ψ0 to an excited state Ψ m, hν0m is the energy difference between the two 

states. The rotational strength can be written as 

                                                   000
ˆIm  mpR mmm 


,                                         (1.3.6) 

where Im represents the imaginary part, p̂ is the electric dipole operator and m̂ is the magnetic 

dipole operator. The electric dipole operator leads to a charge separation, and the magnetic dipole 

operator leads to a charge circulation. For a planar molecule, the electric dipole operator is in the 

molecule plane, and the magnetic dipole operator is perpendicular to the plane, which leads to the 

scalar product of them is zero. This explains no chiral optical effects for planar molecules, which 

have a plane of symmetry and are thus not chiral. For a helical molecule, the helical structure acts 

as a guide for the charge circulation, leading to non-zero chiral optical response. The Rosenfeld 

theory can also be used for the analysis of optical property for helices in macroscale with chiral 
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optical effects in microwave region.[79, 80] 

  

1.3.3 Chiral optical effects of nanostructures 

Chiral nanostructures, especially those working in visible region, mostly utilize plasmon 

resonances, which are usually called chiral plasmonic nanostructures. As discussed in Section 1.2, 

LSPR can be excited optically in the chiral plasmonic nanostructures. With great light extinction 

around resonance wavelength and enhanced local electric field, LSPR assists chiral nanostructures 

to achieve many orders of magnitude larger chiral optical effects than the natural materials. Figure 

1.3.2 shows a simple illustration on how LSPR helps to generate strong chiral optical effects, 

which are intuitive and not describing a real case. Achiral spherical particles interact with linearly  

 

 

Figure 1.3.2. The intuitive illustrations of the interactions between achiral and chiral particles 

and polarized light. (a) Achiral particles interact with linearly polarized light, causing electron 

cloud oscillating linearly along the electric field. (b) Achiral particles interact with circularly 

polarized light, causing electron cloud rotating around the particles. Chiral structures interact 

with (c) RCP, and (d) LCP light. The rotation of the electron cloud can be favored or hindered 

depending on the combination of chiral geometry and direction of circularly polarized light. 

Ref.[30] 
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Figure 1.3.3. Chiral molecules and micro/nano-structures with different origins of chiral optical 

effects. (a)-(f) helical chirality, (g)-(i) chiral coupling, (j)-(l) supramolecular chirality, (m)-(o) 

pseudo/extrinsic chirality, and (p)-(r) chiral scaffolds. Ref.[30] 

 

polarized light in Figure 1.3.2a and with circularly polarized light in Figure 1.3.2b. The achiral 

shape generates the symmetric collective electron oscillations for RCP and LCP light, which leads 

to no chiral optical response. The interactions between two chiral structures in opposite handedness 

and circularly polarized light are shown in Figures 1.3.2c (RCP illumination) and 1.3.2d (LCP 

illumination), respectively. The chiral geometry sets the boundary for the collective electron 

oscillation, leading to asymmetric LSPRs excited under illuminations of RCP and LCP light, with 

one hindered and the other favored by the chiral geometry of structures, which leads to chiral 

optical effects.  

 Theoretical calculation based on Maxwell’s equations, such as a modified Mie’s 

theory,[81] can only work with very simple geometries, and is very limited in the investigation of 

various chiral nanostructures. Additionally, retardation effects are important for structures in sizes 

of tens of nanometers to several micrometers. The advance of fabrication techniques provides the 

possibility of more and more complicated chiral structures (see Figure 1.3.3). Numerical 
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simulations of the same structures as the fabricated ones are usually required in order to understand 

their optical responses. Numerical simulations are mostly run based on solving Maxwell’s 

equations. Solvers with different algorithms have been developed, such as finite element method, 

finite-difference time domain method, and transmission line matrix method.   

 So far, a variety of chiral nanostructures have been fabricated with different origins of 

chiral optical effects, including helical chirality, chiral coupling, supramolecular chirality, 

pseudo/extrinsic chirality, and chiral scaffolds, as shown in Figure 1.3.3, which show orders of 

magnitude larger chiral optical effects than the natural molecules. Besides the giant CB and CD 

response, other intriguing optical properties have been discovered for chiral metamaterials, 

including negative refractive index and superchiral field. 

 

1.3.4 Negative refraction of chiral metamaterial 

The light propagation in chiral media can still be described by the Maxwell equations, however, 

the constitutive relations, ED


 and HB


 , do not apply for the chiral media, where E


 is the 

electric field, D


 is the electric displacement, H


 is the magnetic field, B


 is the magnetic 

induction, ε is the permittivity, and µ is the permeability. According to Condon’s study,[82] the 

constitutive relations in chiral media can be expressed as, 

                                                              
t

H
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

 ,                                                            (1.3.7) 
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 ,                                                           (1.3.8) 

where   is a parameter describing the chirality of the media. For a monochromatic wave at an 

angular frequency ω with a time dependence factor of )exp( ti , the constitutive relations can be 

expressed as, 
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                                                               HiED
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  ,                                                             (1.3.9) 

                                                               EiHB


  ,                                                         (1.3.10) 

where    is the chirality index, and the Maxwell’s curl equations in frequency domain are,  

                                                                BiE


 ,                                                            (1.3.11) 

                                                                DiH


 .                                                        (1.3.12) 

If the chiral medium is homogeneous, i.e. ε, µ, and γ are constants in the medium at the angular 

frequency ω, combining Equations (1.3.9), (1.3.10), (1.3.11), and (1.3.12), and eliminating D


, H


, and B


 leads to 

                                              EEE


)(2)( 22   .                                  (1.3.13) 

The electric field of a circularly polarized light propagating in z direction in the chiral medium can 

be written as, 

                                                      )exp()(0, iqzyixEE LCPRCP


 ,                                           (1.3.14) 

where q is the wavevector. Substituting E


in Equation (1.3.13) by Equation (1.3.14), then Equation 

(1.3.13) can be expressed as, 

           0)exp())(()exp()(2)exp()( 222  iqzyixiqzyiqxqiqzyixq


 .      (1.3.15) 

By equating the x or y component, Equation (1.3.15) can be written as, 

                                                       0)(2 222  qq  .                                          (1.3.16) 

Since
LCPRCPLCPRCP ncq ,, )/( , where c is the vacuum speed of light, the refractive indices for RCP 

and LCP can be obtained by solving q for RCP and LCP light in Equation 1.3.16, which can be 

expressed as 

                                                               nn LCPRCP,
,                                                        (1.3.17) 
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where 
00


n  and 

00


   (

0 and
0  are the permittivity and permeability in vacuum). 

Therefore, the negative refraction can be realized in one circular polarization when n .[26] 

 

1.3.5 Superchiral field of chiral plasmonic nanostructures 

EM fields can be chiral, for example, RCP and LCP lights are a pair of enantiomers with opposite 

chirality. A quantity defining the chirality of the EM fields, called optical chirality C, is defined 

as, 

                                                    BBEEC



0

0

2

1

2 


.                                         (1.3.18) 

This quantity was first introduced by Lipkin in 1964, who found no physical significance and 

dismissed it.[83] It was reproposed to measure the chirality of EM fields by Tang et al. in 2010 

while exploring the interaction of chiral EM fields with molecules.[58]  

 A chiral molecule in a monochromatic EM field with )exp(
~

)(
~

0 tiEtE 


and 

)exp(
~

)(
~

0 tiBtB 


 has an electric dipole moment p


and a magnetic dipole moment m


, which 

can be expressed in the complex format as 

                                                                 BGiEp
~~~~~ 

 ,                                                         (1.3.19) 

                                                                 EGiBm
~~~~~ 

  ,                                                       (1.3.20) 

where '''~  i  is the electric polarizability, '''~  i  is the magnetic susceptibility, and 

'''
~

iGGG  is the isotropic mixed electric-magnetic dipole polarizability, describing the intrinsic 

chirality of the molecule. The optical chirality C can be calculated as 

                                                                  )
~~

Im(
2

0 BEC


 
.                                                        (1.3.21) 
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The excitation rate of the molecule is given by  

                                               )
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Im(
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mBpEmBpEA
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,                           (1.3.22) 

where the brackets represent averaging over time. By substituting p
~

 and m
~

in Equation (1.3.22) 

by Equations (1.3.19) and (1.3.20), the excitation rate is then written as 
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The term
2~

'' B


 is small for most molecules and can be ignored. By applying Equation (1.3.21), 

we obtain 

                                                              )''''(
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where 
2

0
~

4
EU e


 is the time-averaged electric energy density. 

The differential absorption of the molecule between two chiral fields can be expressed as 

                                                               ''CGAAA   .                                                     (1.3.25) 

For a typical CD measurement, which is the differential absorption of molecules between RCP and 

LCP light, we obtian 

                                                         ''GCAAA CPL

LCPRCP

CD  ,                                     (1.3.25) 

where 
2

0
~

2
E

c
CCPL


 is the optical chirality for circular polarized light. It is found that the near 

fields of chiral plasmonic nanostructures can show larger C than the circularly polarized light.[84, 

85] Then the chiral optical response of the molecule can be greatly enhanced near the chiral 

plasmonic nanostructures by an enhancement factor 
CPLCD C

C

A

A
C 




ˆ . Figure 1.3.4 shows the 
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Figure 1.3.4. 3D distribution of the optical chirality enhancement factor Ĉ  near the multiple Au 

helices. Ref.[84]  

 

near-field distribution of Ĉ around the multiple helices obtained by numerical simulations. The 

superchiral field exhibits two orders of magnitude larger C than the circularly polarized light, 

which leads to a great enhancement of the chiral optical response of the molecule. The superchiral 

field of chiral plasmonic nanostructures provides a promising route for enantiomer sensing.  

 

1.4 Chiral metamaterial based optical devices 

Since it was first proposed in 2004, chiral metamaterials have been extensively studied. 

Extraordinary optical functionalities have been demonstrated, such as negative refraction, giant 

chiral optical response, and superchiral field based sensing. With the rapid advance of 

nanofabrication techniques, the research agenda in chiral metamaterial is now moving to realize 

chiral metamaterial based optical devices. Here, the “devices” represent those chiral metamaterials 

with unique functionalities and potentials to be developed for practical applications, which are still 

preliminary products in laboratory. 

 The most important feature of chiral metamaterial is the giant chiral optical effects that are  
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Figure 1.4.1. (a) Au helical microstructures as a broadband circular polarizer in IR region. 

Ref.[21] (b) Stacked plasmonic rods as a broadband circular polarizer in visible to near-IR 

region. Ref.[35] (c) S-shaped nanohole arrays as a 90°-polarization rotator at a wavelength of 

1089 nm. Ref.[52] (d) Chiral gyroid networks as a chiral beam splitter around 1.615 µm. 

Ref.[53] (e) Chiral metamaterial based circularly polarized light detector. Ref.[86]   

 

many orders of magnitude larger than those of natural materials. This gives chiral metamaterials a 

great ability to manipulate the polarization states of light within a very thin layer of films. The 

chiral optical devices for controlling polarizations have been demonstrated. For example, Au 
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helical microstructure arrays fabricated by Gansel et al. in 2009 were applied as a broadband 

circular polarizer in IR region, as shown in Figure 1.4.1a.[21]  In 2012, Zhao et al. fabricated 

stacked nanorod arrays with a tailored rotational twist to realize a broadband circular polarizer in 

visible to near-IR region, as displayed in Figure 1.4.1b.[35] An S-shaped nanohole array prepared 

by Wu et al. in 2013 showed giant optical rotation, which strongly depended on the film thickness, 

as shown in Figure 1.4.1c.[52] At a particular film thickness, this nanohole array can cause a 90° 

optical rotation at a wavelength of 1089 nm, serving as a 90°-polarization rotator. A beam splitter 

for circular polarization was realized by Turner et al. in 2013 using a chiral gyroid network, as 

shown in Figure 1.4.1d.[53] The operating wavelength for the chiral beam splitter was around 

1.615 µm. Besides the manipulation of polarizations of light, chiral metamaterial can also be 

applied to detect circular polarizations benefited from the large CD response. Recently, Li et al. 

reported the production of an ultracompact circularly polarized light detector, which employed 

chiral metamaterial and hot electron injection.[86] The detection relied on the photocurrent 

induced by the hot electrons injection, which were generated by the selective absorption of 

circularly polarized light in chiral plasmonic structures, as demonstrate in Figure 1.4.1e.  

 Additionally, the smart tunable and switchable functionality of metamaterials has drawn 

more attentions.[22] Active chiral metamaterial devices are also realized with chiral optical 

response that can be tuned by external stimuli. The first active chiral metamaterial was reported 

by Zhang et al. in 2012, which was carefully designed with plasmonic and semiconductor layers, 

as shown in Figure 1.4.2a.[63] The photoexcitation in Si semiconductor (green parts) can switch 

the handedness of the chiral structure, leading to flipped spectra of circular dichroism and optical 

rotation. Another active chiral plasmonic structure was prepared by Yin et al. in 2015, which 

combined the Born-Kuhn type chiral plasmonic dimer with the chalcogenide phase change  
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Figure 1.4.2. (a) Chiral structures consisting of Au bars and Si pads with chiral optical response 

switched by optical excitation. Ref.[63] (b) Chiral plasmonic nanostructures combined with a 

phase change material Ge3Sb2Te6. The large change in dielectric constant of Ge3Sb2Te6 induced 

by phase transition shifts the CD spectra. Ref.[87] (c) A planer spiral that can be deformed into 

a 3D spiral in different handedness by a pneumatic force, with tunable chiral optical response. 

Ref.[88] 

 

material Ge3Sb2Te6, as shown in Figure 1.4.2b.[87] The transition from amorphous to crystalline 

phase of Ge3Sb2Te6 could be induced thermally, which caused a large change in the dielectric 

constant in mid-IR region. The LSPR of chiral plasmonic structure was then shifted significantly. 

Not only a spectral tunability but also the reverse sign of CD response have been demonstrated. 

The tunable response of chiral metamaterial can be also activated mechanically. Kan et al. 
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demonstrated a handedness-switchable chiral metamaterial in terahertz region employing 

vertically deformable micro-electro-mechanical systems, as displayed in Figure 1.4.2.c.[88] A 

planer spiral can be vertically deformed into a 3D spiral by a pneumatic force. The chiral optical 

response can be tuned and reversed with maintaining the spectra shape. In addition, the chiral 

optical effects of chiral metamaterial can also be modulated by other stimuli, such as magnetic 

field, [89, 90]  and biochemical reactions,[62, 91] etc.   

 The exploration of chiral plasmonic metamaterial also extends to nonlinear regime. In 

2012, Ren et al. reported the observation of nonlinear optical activity in an extrinsic chiral 

plasmonic metamaterial, as demonstrated in Figure 1.4.3a.[60] The observed nonlinear optical 

activity is millions of times stronger than that in natural crystals. The chiral plasmonic 

metamaterial provides a good platform for second-harmonic generation due to the plasmonic 

resonances and the disruption of symmetry for susceptibility tensor. In 2014, Rodrigues et al. 

reported a large chiral second-harmonic generation signal with the imaging ability, as shown in 

Figure 1.4.3b.[61] Valev et al. performed a thorough investigation of the properties of nonlinear 

chiral meta-surfaces, and elaborated the relation between second-harmonic generation and 

superchiral field.[92] The superchiral field is believed as an important tool for enantiomer sensing. 

Therefore, the second-harmonic generation can help to improve the sensing performance of 

superchiral field based bio-sensing. The superchiral field is one important functionality of chiral 

plasmonic structures, which was first theoretically proposed by Tang et al. in 2010.[58] Later the 

superchiral field based sensing for enantiomers was realized for the first and only time by Hendry 

et al.[57] 

This discussion in this section may not cover all the applications of chiral metamaterial as 

optical devices, but is enough to demonstrate their versatile functionalities and the importance to  
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Figure 1.4.3. (a) Nonlinear optical activity generated by an extrinsic chiral metamaterial. 

Ref.[60] (b) Giant difference in second-harmonic response between LCP and RCP excitation 

from a twisted arc chiral metamaterial. Ref.[61] (c) Superchiral field based sensing for 

enantiomers using gammadion chiral plasmonic structures. Ref.[57] 

 

realize these chiral optical devices. However, these chiral optical devices, especially those used as 

polarizers or beam splitters, are not suitable for practical applications. These devices are mostly 

prepared by top-down methods (discussed in Section 2.1) and in small scale (< 1 mm2), which can 

hardly be used as optical elements. Therefore, scalable fabrication of chiral metamaterial with large 

chiral optical response is still a challenge that limits the development of chiral material based 

optical devices. In this dissertation, we aim to develop a simple fabrication technique to realize 

chiral metamaterials with giant chiral optical effects in large scale, which can be applied for 

producing chiral metamaterial based devices.  

 

1.5 Dissertation overview 

This dissertation describes the fabrication of chiral metamaterials using dynamic shadowing 

growth. Chapter 1 serves as an introduction for this dissertation, by starting with introducing 



 

23 

metamaterials and chiral metamaterials. The concepts of plasmonics and chiral optical effects are 

then discussed. After a brief review of the chiral metamaterial based optical devices, a challenge 

in chiral metamaterial fabrication is revealed, which motivates the research work in this 

dissertation.  Chapter 2 introduces the fabrication, characterization, and simulation techniques that 

are employed in this dissertation. It starts with a brief review of the current fabrication methods 

for chiral metamaterials, and then describes our fabrication techniques, dynamic shadowing 

growth (DSG) and self-assembled colloidal monolayer (SACM). The experimental 

characterization and simulation techniques for both morphological and optical properties are 

elaborated later. Chapter 3 describes the fabrication method of a quasi-3D chiral patchy particles, 

followed by systematic investigations on how the chiral optical response depends on the monolayer 

orientations, incident angle of vapor flux, film thickness, annealing, and materials. These 

systematic studies help us to find the optimum fabrication parameters for chiral patchy particles 

with giant circular dichroism response. Chapter 4 presents a 3D chiral metamaterial fabrication 

strategy using DSG on nanospheres, in which plasmonic thin films are helically stacked on 

nanospheres. This strategy is demonstrated through preparing two chiral metamaterials, helically 

stacked plasmonic layers and Swiss roll nanostructures. Chapter 5 describes our effort in 

developing chiral metamaterials into optical devices. We show that the chiral metamaterials 

fabricated by DSG can be realized in cm2 scale, and also can be developed into flexible chiral 

metamaterials, whose optical property can tuned by mechanical deformation. We also demonstrate 

that the chiral nanostructures can be used as a localized surface plasmon resonance sensor, which 

exhibits an improved sensitivity by measuring circular dichroism. Chapter 6 summarizes the 

research work and discusses the future work. 
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CHAPTER 2 

 

FABRICATION, CHARACTERIZATION AND SIMULATION 

 

2.1 Brief review of current fabrication methods 

In order to produce chiral metamaterials which are optically active in visible to near-IR region, the 

dimensions of the unit chiral structures should be in nanometer scale. A variety of fabrication 

techniques have been employed for fabricating chiral nanostructures. Table 2.1.1 lists some 

representative chiral metamaterials in literatures, along with their fabrication methods and chiral 

optical responses. The fabrication techniques for nanostructures can be generally divided into top-

down and bottom-up approaches, which have been applied for chiral metamaterial fabrication.  

Top-down fabrication is a subtractive process which starts with bulk material and removes 

unwanted parts to create the desired structures. Among various top-down methods, chiral 

metamaterial fabrication mostly relies on electron beam lithography (EBL). The principle of EBL 

is similar to other lithography techniques. Figure 2.1.1a shows the schematic of EBL fabrication.  

In EBL, a focused beam of electrons is used to create custom patterns on a thin layer of resist, 

which can be chemically changed under exposure to electron beams. The exposed or unexposed 

area of the resist (depending on positive or negative resist) can be selectively removed by 

immersing in a specific solvent. With the etched resist layer as a mask, a thin film deposition 

followed by a lift-off process can produce the desired two-dimensional (2D) nanostructures on 

substrates. The primary advantages of EBL are the high resolution (< 10 nm) and the ability to  
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Table 2.1.1. Representative chiral metamaterials with their fabrication methods and chiral optical 

response.  
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create arbitrary 2D shapes of nanostructures, which provides high flexibility for chiral structure 

design. For the fabrication of chiral metamaterials, 3D structures are usually required to generate 

chirality. Therefore, a common strategy to fabricate 3D chiral metamaterials is stacking 2D 

nanostructures by multiple EBL steps, such as Structures #1–5 in Table 2.1.1.[32, 34-37, 93, 94] 

The main disadvantages of EBL are the long writing time and high cost. For a relatively large area, 

EBL is a series process with the electron beam scanning across the patterned area pixel by pixel, 

which takes extremely long time. For example, the write time for an exposure area of 1 cm2 can 

take about 12 days. For chiral metamaterial fabrication, the strategy of stacking 2D structures 

using EBL will further increase the complexity, time, and cost of the fabrication process. Therefore, 

although EBL is a powerful technique for the chiral metamaterial fabrication intended for 

fundamental property investigations in laboratories, it can be hardly applied for large-scale  
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Figure 2.1.1. Schematic illustrations for top-down methods (a) EBL and (b) DLW (Ref.[21]), 

bottom-up methods (c) self-assembly on DNA template (Ref.[41]) and (d) self-assembly of block 

copolymers (Ref.[95]), and hybrid methods between top-down and bottom-up (e) FIBID. 

(Ref.[38]) and (f) mask-assisted PVD (Ref.[45]). 
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fabrication and device development in industries. Direct laser writing (DLW) is another top-down 

method which has been employed to fabricate helical-shape chiral metamaterials.[21, 96] By using 

3D DLW and resist development, helical voids can be created in the positive-tone resist, which 

are then filled with gold by electrochemical deposition as shown in Figure 2.1.1b. The resist is 

then removed by plasma etching to obtain arrays of gold helices. The DLW technique allows the 

fabrication of structures with arbitrary 3D shapes. However, DLW is limited by its poor spatial 

resolution and low writing speed. The obtained structures are in micrometer scale, which are only 

optically active in IR region. The low writing speed makes DLW not suitable for scalable 

fabrications  

Bottom-up fabrication is an additive process which starts with small and simple building 

blocks (atoms, molecules or nanoparticles) and produces large and complex structures through 

self-assembly process. Compared to top-down method, bottom-up method is usually cheaper, 

faster, and provides a scalable way for the fabrication of chiral metamaterials. The chiral 

metamaterial fabrication by bottom-up method usually requires chiral templates. Chiral 

macromolecular scaffolds, such as DNAs,[40, 41, 44] peptides,[42] and proteins,[97] have been 

used to produce chiral assemblies of plasmonic nanoparticles, as shown in Figure 2.1.1c. These 

chiral nanostructures usually have weak chiral optical response than those fabricated by top-down 

methods, as shown in Table 2.1.1, and are also mostly in liquid without long-range ordering, which 

can be hardly developed into substrate based devices. Another type of chiral template is the gyroid 

networks created by self-assembled block copolymers.[95, 98] The chiral structures are prepared 

by selectively removing the polymers and refilling the porous polymer network with metals, as 

shown in Figure 2.1.1d. The obtained chiral structures show large optical activity in visible to 

near-IR region, which is a promising bottom-up method for chiral metamaterial fabrication. 
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Physical vapor deposition (PVD) is a common bottom-up method for preparing thin films, which 

can also be utilized for chiral metamaterial fabrications. For example, nano-helix arrays have been 

realized by PVD on a pre-patterned or even not pre-patterned substrate in a slow azimuthal rotation 

with a large angle between the incident vapor and the substrate normal, which show significant 

chiral optical response.[46, 47, 99] 

Some fabrication techniques take notions from both top-down and bottom-up methods, 

which are usually thought as hybrid methods between top-down and bottom-up, such as focused 

ion beam induced deposition (FIBID). FIBID has been employed to fabricate nano-helix arrays as 

shown in Figure 2.1.1e.[38, 39] Precursor molecules are used as the building blocks of nano-

helices (bottom-up), which are formed by their interaction with the focused ion beam (top-

down).[100]  FIBID can be regarded as a localized chemical vapor deposition induced by a direct 

writing or patterning technique, which is maskless and resistless. FIBID possesses a good 

resolution in nanometer scale, provides the same freedom in creating arbitrary structures, but 

suffers from the low processing speed. The mask-assisted PVD is another hybrid method between 

bottom-up (self-assembly process of mask formation and vapor deposition) and top-down 

(production of dotted or structured layers in a conventional lithography way) for chiral 

metamaterial fabrication. It is usually denoted as nanosphere lithography (NSL) with nanospheres 

as the deposition mask,[101] and hole-mask colloidal lithography (HCL) with nano-holes as the 

deposition mask.[102] For example, chiral C-shaped nanostructures have been fabricated by HCL, 

as shown in Figure 2.1.1f.[45] Recently, chiral oligomer nanostructures have been realized by 

both NSL and HCL.[48, 103] 

In this dissertation, our research goal is to develop scalable methods to fabricate chiral 

metamaterials for optical device applications. Therefore, we employ a PVD based fabrication 



 

30 

technique—dynamic shadowing growth (DSG), which will be discussed in details in the next 

section. 

 

2.2 Dynamic shadowing growth 

DSG is a physical vapor deposition based technique for micro/nano-structure fabrication, which is 

also known as glancing angle deposition (GLAD). DSG is suitable for developing metamaterial 

devices for three reasons: first, DSG is a simple and scalable fabrication method, which can be 

applied for wafer-scale fabrication; second, unlike some other bottom-up methods resulting in 

particles in solutions, DSG leads to arrays of micro/nano-structures on substrates, which is ideal 

for device developments; finally, the shape of the structures fabricated on regular templates can be 

designed through computational simulations. A recent study has demonstrated that DSG can be 

incorporated into a roll-to-roll manufacturing system to increase the throughput, which provides a 

foundation for industrial productions.[104] So far, DSG has been widely used to produce thin film 

micro/nano-structures for many applications, including broad-range antireflection coatings,[105] 

photonic crystals,[106] liquid crystal devices,[107] surface enhanced Raman spectroscopy 

substrate,[108] mechanical devices,[109] catalysts,[110] solar cells,[111] magnetic tape for data 

storage,[112] and many other sensor applications.[113-115]  

A typical DSG experimental setup is shown in Figure 2.2.1a. The vacuum chamber is 

maintained at a pressure of 10-6 Torr during the vapor deposition, which ensures that the mean 

free path of the vapor molecules is much larger than the dimension of the vacuum chamber. The 

source material located at the bottom of the vacuum chamber is evaporated and vapor travels 

upwards from the source material to the substrate. A long distance from the source material to the 

substrate is used to achieve the collimated vapor flux at the substrate surface. The vapor arrives at  
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Figure 2.2.1. (a) Schematic diagram of DSG in a vacuum deposition system. (b) Schematic 

diagram of the initial nuclei formation, the nanorod growth under shadowing effect, and the 

obtained nanorod array (from top to bottom). 

 

the substrate at a polar angle θ with respect to the substrate normal and an azimuthal angle φ, as 

defined in Figure 2.2.1a. The substrate is mounted on a holder, which can be controlled to rotate 

in both polar and azimuthal directions by stepper motors. The deposition thickness is monitored 

by a quartz crystal microbalance (QCM).  

The primary growth mechanism of DSG is the geometric shadowing effect. During the 

vapor deposition, the well collimated vapor flux cannot reach the region behind any existing 

structures, and material will only accumulate in the region which is not shadowed forming 

nanostructures. Therefore, the shadowed or not shadowed area plays an important role in 

determining the growth and resulting shape of nanostructures. The shadowed area is determined 
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by the geometric shape of the shadowing centers, i.e., the existing structures or templates, and the 

orientation of the shadowing centers with respect to the vapor flux, which both should be carefully 

designed for fabricating chiral structures.  

 DSG at a large θ on a static substrate is usually referred to as oblique angle deposition 

(OAD). OAD on a bare substrate can produce titled nanorods, which can be a simple example to 

illustrate the DSG process, as shown in Figure 2.2.1b. The initially arrived vapor can form 

randomly distributed nuclei on the substrates. As the deposition proceeds, islands grow into 

columns, with developing shadows. Some shorter columns may fall into the shadows of the nearby 

taller ones, receiving no more material, and therefore stop growing (indicated in Figure 2.2.1b). 

The taller columns, on the contrary, can continuously receive vapor and grow longer. The growth 

of OAD films is a competitive process due to the shadowing effect and adatom surface diffusion, 

which eventually produce a layer of nanorods tilted towards the vapor source. The obtained titled 

nanorods by OAD are shown in Figures 2.2.2A and 2.2.2A’. More nanostructures with various 

morphologies can be fabricated by DSG with a controlled substrate rotations, such as vertical 

nanorods, helical nanorods, zigzag nanorods, C-shaped nanorods, and bead-like nanorods, as 

shown in Figures 2.2.2B–F and 2.2.2B’–F’, respectively. As described above, DSG on a bare flat 

substrate starts with a random distribution of nuclei, which ends up with randomly distributed 

nanostructures. However, the metamaterial fabrication requires periodic nanostructure arrays. This 

requirement can be met by replacing the flat substrate surface by a deposition template with 

ordered arrays of nucleation centers, such as nanospheres, nanopillars and nanoholes. The 

templates with regular shadowing centers can help to create ordered arrays of nanostructures. A 

comparison of helical nanorods grown by DSG with and without a periodic seed layer is shown in  
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Figure 2.2.2. (A)–(F) Schematics and (A’)–(F’) SEM images of typical nanorod arrays 

fabricated by DSG.  (A) Titled nanorods and (A’) titled Si nanorods deposited at θ = 80°; (B) 

vertical nanorods and (B’) vertical Si nanorods deposited at θ = 86°; (C) helical nanorods and 

(C’) regular array of helical Si nanorods; (D) and (D’) zigzag nanorods; (E) C-shaped nanorods 

and (E’) C-shaped MgF2 nanorods. (F) bead-like nanorods and (F’) bead-like Si nanorods. 

Ref.[116] 

 

 
Figure 2.2.3. (A) Top- and (B) side-view images comparing aperiodic (left) and periodic (right) 

Si nanorods by DSG. The periodic Si nanorods are grown on a seed layer. Ref.[117] 

 

Figure 2.2.3. The use of the seed layer has a significant impact on the morphology of the nanorod 

array. The nanorod positions, the rod-to-rod distance, and the nanorod diameter are all determined  
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by the seed layer, which have very small variations and are almost constants. Additionally, the 

regular templates can also generate unique shadowing profiles and tailor the shape of 

nanostructures, which is important for chiral structure fabrications. As it will be demonstrated in 

the Chapters 3 and 4, the shadowing effect of the regular templates can be utilized to create various 

chiral nanostructures. Therefore, the template-assisted DSG, with the ability to create regular 

nanostructure arrays and to engineer the nanostructure shape, can be a powerful fabrication 

technique for producing chiral metamaterials.  

 

2.3 Self-assembled colloidal monolayer 

As it has been demonstrated in Section 2.2, regular templates are needed for chiral metamaterial 

fabrication by DSG. Among a variety of templates, such as polymer resist patterns by lithography 

method,[117, 118]  ZnO pillars by hydrothermal synthesis,[119] nanohole arrays,[45] and Au 

nanodot arrays by micellar nanolithography,[46] we select the 2D colloidal crystal or colloidal 

monolayer as the template for DSG,[120] because its fabrication is simple, cost-effective, and 

scalable. The self-assembled colloidal monolayers (SACMs) are usually hexagonally close-packed 

because such a lattice has the lowest free energy. During the fabrication process, the colloidal 

spheres are influenced by van der Waals forces, electrostatic forces, and steric repulsions, which 

all govern the self-assembled monolayer formation. There are a few different methods for 

preparing the SACMs, including solvent evaporation method, spin coating, interface method, and 

alternating electric field method.[121] Here we use an air-water interface method to fabricate 

hexagonally close-packed monolayer of polystyrene (PS) nanospheres.[122] 

  The experimental setup for preparing PS nanosphere monolayers is shown in Figure 

2.3.1a. First, the PS nanosphere suspension purchased initially at a concentration of 2.6 wt. % in 

water is diluted to 0.4 wt. % in deionized water, and further diluted with ethanol to a 2:1 volumetric  
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Figure 2.3.1. (a) The experimental setup for preparing self-assembled colloidal monolayers. (b) 

The formation of monolayers in Petri dish. (c) The obtained monolayer on a glass substrate. (d) 

Top-view SEM image of the nanosphere monolayer with d = 750 nm. 

 

ratio. The suspension is then loaded into a syringe and mounted onto a syringe pump (KD 

Scientific). A cleaned glass Petri dish (diameter of 10 cm), pre-filled with 24 mL of deionized 

water, is tilted at an angle of about 7°, and a needle attached to the syringe is bent towards the 

water within the Petri dish. Droplets of PS solution are dispensed onto the water surface at a rate 

of 0.015 mL/min. Each drop spreads radially outward from the droplet location, and a monolayer 

of PS nanospheres is slowly formed on the water surface along the edge of the Petri dish. This 
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process continues until a monolayer of PS nanospheres covered nearly the entire water surface, as 

shown in Figure 2.3.1b. A Teflon ring, with a diameter smaller than the diameter of the Petri dish, 

is then placed gently on the water surface to protect the monolayer film against adhering to the 

side wall of the Petri dish. After the water level is raised, glass and silicon pieces are slid carefully 

under the water to the area below the monolayer film (inside the Teflon ring). Finally, after slowly 

pumping water out from the Petri dish, the monolayer film is deposited onto the surface of the 

submerged substrates, as shown in Figure 2.3.1c. The obtained monolayers with a diameter d = 

750 nm are hexagonally close-packed nanosphere arrays as shown in the top-view SEM images in 

Figure 2.3.1d. The PS nanospheres are commercially available with different diameters from tens 

of nanometers to a few micrometers. In this dissertation, we mainly use nanospheres with d = 200, 

350 and 500 nm. The monolayers are usually polycrystalline with large numbers of domains 

aligned in different orientations. By carefully controlling pH of the solution, a monocrystalline 

monolayer can be achieved in a large area ~ 1 cm2, which is important for optical device 

fabrication.  

 

2.4 Morphology calculation 

The morphology of nanostructures fabricated by DSG can be modeled by Monte Carlo or 

molecular dynamics method.[123, 124] Both methods have their own advantages in the 

morphology simulations, however, they require a large amount of computer time and also provide 

many morphological details, such as porosity and surface roughness, which are not necessary for 

designing chiral structures. To guide the design of chiral structures, a simple and fast calculation 

is needed, which focuses on modeling the overall shape of nanostructures. I have developed a 

MATLAB program to estimate the thickness distribution of the thin films coated on the 
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nanospheres by DSG. As illustrated in Figures 2.4.1a and 2.4.2b, a collimated vapor flux 

approaches a hexagonal array of nanospheres from the direction l̂ (θ0, φ0). θ0 is defined as the 

angle between the vapor flux and the substrate surface normal, while φ0 is defined as the angle 

between the projection line of the incident vapor flux in substrate surface and an imaginary line 

going through the centers of nanospheres in a row. Note this definition of φ0 will apply for the rest 

of this dissertation. The center-to-center distance of nanospheres is defined as D, and the radius of 

nanospheres is r, which satisfy D ≥ 2r. Notice, the close-packed monolayer has D = 2r, while the  

 

 

Figure 2.4.1. (a) Cross-sectional and (b) top view of DSG on a hexagonal nanosphere array. (c) 

The surface of the nanosphere is split into many surface elements for calculating the thickness 

distribution. (d) Each surface element (θ, φ) with its surface normal n̂ . 
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non-close-packed monolayer has D > 2r. In order to calculate the thickness distribution on one 

nanosphere, the shadowing effect of the nearby nanospheres should be taken into account. As 

shown in Figures 2.4.1c and 2.4.1d, the surface of a nanosphere is split into small surface 

elements. Each element is denoted as the coordinate of its center (θ, φ), where θ = i·Δθ, φ = j·Δφ, 

and we usually set Δθ =Δφ = 0.5°, i = 0,1,…360, j = 0,1,…720. The surface normal of each element 

n̂  and the vapor flux form an angle β. 

This calculation is based on three assumptions: 

I. Only the shadowing effect of nanospheres are considered. The shadowing effect of the 

deposited films, and other physical process, such as surface diffusion, are neglected. 

II. The deposition at different surface elements occurs simultaneously and independently, as 

long as they are directly exposed to vapor flux. 

III. The thickness of the deposited film follows a cosine rule, i.e. the thickness change

cost ,[125] and is uniform within each surface element. 

The detailed procedure of the morphology calculation is listed below. 

1. Initialize the thickness array t(r, θ, φ) = 0. 

2. At the beginning of each deposition step, determine θ0, φ0, and ΔtQCM , where ΔtQCM  is the 

thickness change in QCM or a flat surface with an incident angle of 0° . Calculate the vapor 

vector )cos,cossin,cos(sin),,1(ˆ
0000000  l . 

3. Find the nearby nanospheres that may potentially affect the deposition. The nanospheres 

within a distance of 2r/cosθ0 should be considered. Put these nanospheres in a library S 

with center coordinates stored in arrays X, Y, Z, where Zi = 0 for all spheres. Update the 

library S by only selecting nanospheres which satisfy 0ˆ)0,,(  lYX ii  



 

39 

4. For one surface element (r, θ, φ) with surface normal ),,1(ˆ n , determine whether this 

surface element is on the hemisphere facing vapor flux.  

If 0ˆˆ  ln , then this surface element is facing vapor flux, but can still be shadowed by 

other spheres. Then go to Step 5.  

If 0ˆˆ  ln , then this surface element is on the back side of the sphere, which is not facing 

vapor flux. Then make Δt = 0, skip Steps 5 and 6, and go to Step 7. 

5. Determine whether surface element (r, θ, φ) is shadowed by the nanospheres in library S 

one by one. Create a vector α, from the surface element (r, θ, φ) = (x, y, z) to the center of 

ith nanosphere (Xi, Yi, 0) in S library, α = (Xi, Yi, 0) - (x, y, z).  

If rl  22
)ˆ( , then the surface element (r,θ,φ) does not fall in the shadow of ith 

nanosphere. Check (i+1)th nanosphere by the same method. If this is the last nanosphere 

in S, then go to Step 6.  

If rl  22
)ˆ( , then the surface element (r,θ,φ) falls into the shadow of ith 

nanosphere. Make Δt = 0, and go to Step 7. 

6. If the surface element (r, θ, φ) does not fall in the shadow of any nanospheres, then  

lntt QCM
ˆˆ   , and go to Step 7. 

7. Update the thickness, t(r, θ, φ) = t(r, θ, φ) + Δt.   

8. If the element (r, θ, φ) is not the last one element in the array, go to the next element and 

repeat Step 4-7.   

9. If there is a following deposition step with different θ0, φ0, and ΔtQCM, then repeat Steps 2-

8 with the new values of θ0, φ0, and ΔtQCM. 
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Figure 2.4.2. Graphic user interface of the morphology calculation program. 

 

The morphology calculation can generate a thickness distribution of the thin film coated on 

nanospheres. Similarly, the thickness distribution of the thin films on the substrates can also be 

estimated. I built a graphic user interface (GUI) that runs the calculation of the thin film thickness 

distribution on both nanospheres and substrates. Figure 2.4.2 shows the GUI program that has 

completed a calculation of an OAD with D = 500 nm, r =250 nm, θ0 = 30°, φ0 = 30°, and ΔtQCM = 

1 nm. The left panel provides functions for plotting and displaying. The middle panel is the output 

display of the calculated thin film distribution in 3D. The top-right panel includes the input 

parameters for initialization of the morphology calculation, sphere radius r, distance between 

sphere centers D, pixel (beads), and pixel (substrate), where pixel (beads) is Δθ or Δφ, and pixel 
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(substrate) defines the size of the surface element on substrates. The middle-right panel provides 

two input parameters, incident angle (degree) θ0 and deposition rate ΔtQCM, and one output 

parameter displaying the total QCM thickness. The two panels at the bottom-right corner allow 

the calculation with a static φ0 for OAD and a dynamic φ0 for GLAD. 

An example of the morphology calculation is shown in Figure 2.4.3, which calculates the 

thickness distribution of the nanostructures obtained by an OAD on hexagonally close-packed 

nanosphere monolayers at θ0 = 86°, and φ0 = 0°, 5°, 10° … 60°. φ0 between 0° and 60° is chosen, 

because the depositions at φ0 and φ0+60° are actually the same due to the six-fold symmetry of the 

hexagonal monolayer lattice. It should be noted that the calculated thickness distribution can only 

be qualitatively accurate since many physical processes are ignored. As it has been addressed 

above, the purpose of this morphology calculation is to provide an estimation of the geometric 

shapes of the deposited nanostructures, which serves to guide the design of chiral structures. The 

 

 

Figure 2.4.3. The calculated morphology of the nanostructures fabricated by an OAD at θ0 = 

86° and φ0 = 0°, 5°, 10° … 60°. 
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calculation results in Figure 2.4.3 clearly show the geometric shapes of the fabricated 

nanostructures, leading to several conclusions: (i) an OAD at large θ0 creates isolated 

nanostructures coated on nanospheres; (ii) the shape of these isolated nanostructures fabricated at 

a fixed θ0 strongly depends on the domain orientation φ0; (iii) the depositions at φ0 and 60°-φ0 

produce the same shape of nanostructures with reflection symmetry. As it will be demonstrated in 

the following chapters, this morphology calculation plays an important role in guiding the design 

of chiral structures.  

 

2.5 Morphological characterizations 

The morphology of the fabricated chiral nanostructures has been characterized by scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). In this dissertation, the 

SEM images are collected using a field-emission scanning electron microscope (FEI Inspect F), 

and the TEM images are collected using a transmission electron microscope (Tecnai 20). 

One important parameter in morphology characterizations is the orientation of the 

monolayer domains with respect to the incident vapor flux φ0, as it will be demonstrated in the 

next several chapters.  φ0 defined in Section 2.4, is determined based on the top-view SEM images 

of the fabricated nanostructure arrays. Figure 2.5.1 shows a top-view SEM image of Ag chiral 

films on the monolayer. The imaginary line that passes through centers of nanospheres can be 

easily determined as shown by the yellow line. The projection line of the incident vapor can be 

determined by the shadowing effect. The colloid monolayers have defects, such as extra beads on 

the top of the monolayer. The extra beads work as a shadowing center during depositions and 

prevents the incident vapor arriving in the area behind it, resutling in a strip with less or no 

deposited mateiral. This strip will be parallel with the projection line of the incident vapor. Figure  
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Figure 2.5.1. Top-view SEM image of Ag films on the monolayer with two clusters of extra beads 

on the top of the monolayer with three-armed star shaped shadowed area. Red arrows indicate 

the direction of incident vapor flux, and the yellow line passes through the centers of 

nanospheres. 

 

2.5.1 shows two clusters of extra beads with three-armed star shaped shadowed area, which results 

from the Ag depositions in three directions. The red arrows in Figure 2.5.1, which are parallel 

with one strip from the shadowed area, are the projection line of the incident vapor. The angle 

between the red arrow and the yellow straight line is φ0. 

 

2.6 Optical characterizations 
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Transmittance, especially circularly polarized transmittance, T(RCP) and T(LCP), is usually 

measured for the optical characterization of chiral metamaterials. The unpolarized transmittance 

spectra are measured by a UV-vis-NIR double beam spectrophotometer (JASCO V-570). The 

circularly polarized transmittance spectra are measured by three different experimental setups, the 

double beam spectrophotometer (JASCO V-570) equipped with a Glan-Thompson polarizer 

(Thorlabs Inc.) and an achromatic quarter wave plate (λ = 1100−2000 nm, Thorlabs, Inc.), a 

spectroscopic ellipsometer (M-2000, J. A. Woollam, Inc., λ = 370−1000 nm), and a custom 

spectroscopic microscope (λ = 450−1000 nm). 

A variable angle spectroscopic ellipsometer (M-2000, J. A. Woollam, Inc.) is used in 

transmission mode to measure the first three rows of the Mueller matrix with the )(11 m  element 

normalized to 1. Therefore, each Muller matrix element directly obtained by ellipsometric 

measurements is 
)(

)(

11 



m

mij
, where )(ijm  is the un-normalized Muller matrix element of the ith row 

and jth column. The unpolarized transmittance spectra are measured by UV-vis-NIR double beam 

spectrophotometer (JASCO V-570) and are used to determine the un-normalized )(11 m . Then the 

un-normalized )(14 m  can be calculated, which determines the circular polarized differential 

transmittance, )(2)LCP()RCP( 14 mTTT  .[126] 

The two setups described above have a beam spot size of a few milimeters, which cannot 

be used to measure the transmittance of the nanostructures on small monolayer domains (< 1 mm2). 

In order to investigate the optical property of nanostructures on individual monolayer domains, a 

custom spectroscopic microscope was built. Figure 2.6.1 shows the schematic of the custom 

spectroscopic microscope setup. The light source is a quartz tungsten-halogen lamp (400–2200 nm 

Thorlabs, QTH10). The broadband light emitted by the lamp was collimated by two lenses L1 (f =  
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Figure 2.6.1. Schematic of the custom spectroscopic microscope setup. L: lens, I: iris, LP: linear 

polarizer, QWP: quarter wave plate, M: mirror. M1 is on a flip mount, which either reflects light 

to the camera or allows light to transmit to the monochromator. 

 

15 cm) and L2 (f = 7 cm), and sent through an iris I1 (diameter = 1 cm). Then the light traveled 

through a Glan-Talyor linear polarizer, LP (Thorlabs, DGL10) and then a quarter wave plate, 

QWP, to generate ciruclarly polarized light. Two QWPs were prepared with different working 

wavelength ranges (Thorlabs, AQWP05M-600, 400–800 nm, and AQWP05M, 690–1200 nm) in 

order to obtain a spectrum with wavelength range 450–1000 nm. A lens L3 (f = 15 cm) was used 

to focus the light on the sample. The sample was mounted on a 3-dimensional translation stage. 

Two lenses L4 (f = 10 cm) and L5 (f = 100 cm) behind the sample were used to create a magnified 

image of the sample surface at the position of the iris I2 (diameter = 4 mm). A mirror M1 on a flip 

mount could be used to reflect the light through a lens L6 (f = 10 cm) to a camera (Thorlabs, 

DCC1545M, color version) to display the image of the sample surface. M1 could also be flipped 

down to transmit the light through a lens L7 (f = 5 cm) to a monochromator (Newport, 74126) 

equipped with a CCD array detector (Newport, 78237) for transmittance measurements. For the 

characterization of the chiral films on monocrystalline monolayers, L5 and I2 were removed and 

the positions of L4, L7, and the monochromator were changed in order to collect all the transmitted 

light.  

When circularly polarized light travels through chiral metamaterials, the transmitted light 
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may contain a portion of circularly polarized light in opposite handedness. This circular 

polarization conversion originates from the anisotropy of chiral metamaterials, and changes its 

sign when changing the illumination direction. Therefore, the circular polarization transmittance 

spectra were measured in both front and back illumination modes, and then averaged to obtain the 

true ΔT signal. 

 

2.7 Finite-difference time-domain simulation 

Finite-difference time-domain (FDTD) method is a numerical modeling technique, which is 

applied to solve Maxwell’s equations in time domain. FDTD method was developed by Kane 

Yee,[127] and has become an important and effective tool for the analysis of electrodynamic 

systems, especially those with novel properties, such as metamaterials. In the algorithm of FDTD, 

the Maxwell’s equations are discretized in both space and time. The Maxwell’s curl equations in 

an isotropic medium are: 
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where ε is the medium permittivity, µ is the medium permeability, and J is the current density. 

These two curl equations generate six coupled scalar equations as follows 
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In FDTD method, the computational space, including the structures of interest, is segmented into 

box-shaped cells with dimensions Δx × Δy × Δz,  known as Yee’s cells, as shown in Figure 

2.7.1.The electric ( E


) and magnetic ( H


) fields are placed at the centers of lines or surfaces of the 

cell with each component at a unique position, so that each E


 component is surrounded by four 

  

 

Figure 2.7.1. Yee’s cell 
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H


 components and conversely. The electric and magnetic fields are updated at a time step Δt. The 

value of Δt should be carefully chosen, which needs to satisfy the stability condition[128] 

                                                     

222

111

1

zyx
c

t









 ,                                                (2.7.9) 

where c is the light speed. The electric fields Ex, Ey and Ez are calculated at time nΔt, while the 

magnetic fields Hx, Hy and Hz are calculated at time (n+0.5) Δt, where n is an integer. The electric 

field components ),,(,, kjiE n

zyx  at position (iΔx, jΔy, kΔz) and time nΔt is denoted as 

),,(,, kjiE n

zyx , which also applies for the magnetic fields. Following the above notations, the 

finite difference equations for Equations (2.7.3)-(2.7.8) can be obtained. For Equation (2.7.3), the 

finite difference equation for calculating Bx can be expressed as 
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and for Equation (2.7.6), the finite difference equation  for calculating Ex is 

              

),,5.0(
)5.0,,5.0()5.0,,5.0(

),5.0,5.0(),5.0,5.0(

),,5.0(),,5.0(

5.0

5.05.0

5.05.0

1

kjiJ
z

kjiHkjiH

y

kjiHkjiH

t

kjiEkjiE

n

x

n

y

n

y

n

z

n

z

n

x

n

x


























.          (2.7.11) 

The finite difference equations for Equations (2.7.4), (2.7.5), (2.7.7) and (2.7.8) can be obtained 

similarly. According to these equations, E or H at a new time step is calculated based on E and H 

at the previous time steps. The simulation process is illustrated in a flowchart in Figure 2.7.2.  
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Figure 2.7.2. The flowchart for FDTD algorithm 

 

 In this dissertation, the FDTD simulations are performed using a commercial software 

XFDTD 7.3. In these simulations, Δx = Δy = Δz = 4 nm and Δt is automatically determined by the 
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software, which satisfies Equation (2.7.9). A modified Debye-Drude model  

01
)(










ii

s 



 

 is used to simulate the permittivity of Ag, Au, Ti, Ni and Cu, where 

 is the angular frequency,  is the vacuum permittivity, ε∞ is the infinite-frequency relative 

permittivity, εs is the static relative permittivity, τ is the relaxation time, and σ is the conductivity. 

These parameters for different metals are listed in Table 2.7.1. SiO2 and polystyrene are assumed 

to be non-dispersive dielectric materials with a constant ε = 2.3716 and 2.5122, respectively, for 

all wavelengths considered. The simulated structures are always a 2D array of nanostructures, and 

we usually create the nanostructure array in x-y plane with light propagating from z+ to z- direction, 

as shown in Figure 2.7.3. The blue rectangular box outline the simulation space. The structure 

within the simulation space is a unit cell of the periodic nanostructure array. Periodic boundary 

condition is applied in both x and y directions, and perfectly matched layer absorbing condition is 

applied in z direction. Since FDTD method is a simulation in time domain, the post data analysis 

includes a fast Fourier transformation to obtain the spectra in frequency domain.  

 

Table 2.7.1. The fitting parameters for modified Debye-Drude model of metals. 

Materials εs ε∞ σ (S/m) τ (s) 

Ag -9530.5 3.8344 1.1486×107 7.35×10-15 

Au -15789 11.575 1.6062×107 8.71×10-15 

Ti -11.99 7.5900 6.21×105 2.79×10-16 

Ni -22.52 2.2986 6.74×105 3.26×10-16 

Cu -6672.7 12.076 1.0513×107 5.63×10-15 

Ref.[129]: Ag, Au, and Cu. Ref.[130]: Ti and Ni.  


0
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Figure 2.7.3. (a) The geometric model created in XFDTD for an array of nanospheres (b) One 

unit cell of the nanosphere array as meshed in an FDTD grid.  
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CHAPTER 3 

 

CHIRAL PATCHY PARTICLES 

 

3.1 Introduction  

By combining DSG with SACMs, well-ordered arrays of chiral plasmonic nanostructures can be 

created. The morphology simulations in Section 2.4 have demonstrated that shapes of deposited 

nanostructures on SACMs by an OAD strongly depend on the relative orientations of monolayers 

with respect to the incident vapor flux. Therefore, DSG on a polycrystalline monolayer consisting 

of many domains in different relative orientations will lead to “patches” of particles, which are 

morphologically identical within one patch, but different from the rest. These particles can be 

called quasi-3D “patchy particles”, with one layer of nanostructured thin film coated on the 

spherical surface. The patchy particles were first demonstrated to be chiral by Hou et al. in 

2012.[120] However, these patchy particles exhibit very weak CD response (ellipticity ~ 0.04°). 

Here we proposed a new strategy to fabricate chiral patchy particles, which showed improved bulk 

CD response (ellipticity ~ 2°),[131] and an even larger CD response from the local domains 

(ellipticity ~ 20°).[132] This chapter will describe the fabrication, characterization, and 

optimization of the chiral patchy particles, especially those in particular domains with extremely 

strong CD. 

   

3.2 Racemic patchy particles 
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Figure 3.2.1 Scheme of fabrication process of Ag chiral patchy particles. (a) Ag vapor flux is 

incident upon the monolayer at an oblique angle θ = 86° with respect to the substrate normal. 

(b)–(d) Ag vapor flux is incident upon the monolayer in three azimuthal directions with an 

interval of Δφ = 120°. The azimuthal direction of Ag vapor flux and a dashed line going through 

the centers of the nanospheres form an angle, φ0. 

 

3.2.1 Fabrication of chiral patchy particles 

The fabrication process is illustrated in Figure 3.2.1. First, a hexagonal close-packed monolayer 

of polystyrene beads with diameter d = 500 nm was prepared as a deposition template on Indium-

Tin-Oxide (ITO) coated glass substrates. The monolayers had polycrystalline domains with areas 

of 0.0001–1 mm2 and were loaded in a custom vacuum deposition system (Pascal Technology). 

The vacuum chamber was evacuated to a pressure of 1×10-6 Torr, and the background pressure 

was maintained at less than 5×10-6 Torr. The source material used in the deposition was Ag 

(99.999%, Kurt J. Lesker). During the deposition, Ag vapor was deposited onto the monolayer at 

a polar angle θ = 86° with respect to the substrate normal at a QCM deposition rate of 0.05 nm/s, 

as shown in Figure 3.2.1a. After one Ag deposition ending with a QCM thickness t = 30 nm, the 

substrate was azimuthally rotated by Δφ = 120° in clockwise (CW) or counter-clockwise (CCW) 

direction, and then another Ag layer of t = 30 nm was deposited. This process was repeated until 

a total QCM film thickness t = 360 nm and a total substrate rotation of 12×120° were achieved, 

i.e. Ag depositions occurred in three azimuthal directions, and a total QCM thickness t = 4×30 nm 

was reached in each direction with an increment of 30 nm at each step. We denote the QCM 

thickness for such a fabrication process as tQCM = 4×30 nm. We choose a fabrication strategy to 
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increase the deposited material in three directions by a small amount (30 nm) at each step and 

repeatedly in order to minimize the asymmetry caused by the shadowing effect of the deposited 

films. The azimuthal angle of incident vapor for each monolayer domain φ0 is defined as the 

relative angle of vapor flux direction with respect to a virtual straight line through the centers of 

nanospheres in one row, and is chosen properly to ensure 0° ≤ φ0 < 60° due to the six-fold rotational 

symmetry of the hexagonal lattice of the monolayer, as shown in Figures 3.2.1b–d. The monolayer 

domains in the same orientation have the same φ0, and the differently orientated domains have 

different φ0. In other words, φ0 can be used to define the orientation of each domain. 

 

3.2.2 Bulk circular dichroism of a racemic mixture of patchy particles 

Following the fabrication process described in Section 3.2.1, morphology simulations were 

performed to obtain the predicted nanostructures in domains with different φ0, as shown in Figure 

3.2.2. The morphology simulations reveal that Ag nanostructures with the azimuthal angles of φ0  

 

 

Figure 3.2.2 Simulated morphologies of chiral patchy particles in differently orientated domains 

with φ0 = 0°, 5°, 10°, 15°, 20°, 25°, 30°, 35°, 40°, 45°, 50°, 55°, and 60°. 
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Figure 3.2.3 (a) Transmission spectra, and (b) CD spectra of Ag patchy particles prepared by 

CW, CCW, and CW/CCW substrate rotations. Ref.[131] 

 

and 60°−φ0, are morphological enantiomers, if the shadowing effect of deposited films is not taken 

into account. Since a polycrystalline monolayer (~ 1 cm2) consists of large numbers of PS 

monolayer domains with random orientations, the DSG process should produce an equal portion 

of morphological enantiomers. Therefore, no chiral optical response is expected for such a racemic 

mixture of chiral patchy particles. However, the investigation of bulk CD by the spectroscopic 

ellipsometer (with a beam size of 4 mm) reveal a dependence of CD response on the azimuthal 

rotation direction of substrates in the deposition process. Figure 3.2.3 shows the unpolarized 

transmission and CD spectra of the racemic patchy Ag films prepared by CW, CCW, and 

CW/CCW rotations of substrates during DSG, where CW/CCW means an alternating rotation 

direction. The Ag patchy particles prepared by CW and CCW substrate rotations exhibit opposite 

CD response, while those prepared by CW/CCW substrate rotation has almost no CD response. 

The bulk CD measurements demonstrate that the azimuthal rotation of substrates breaks the 

racemic symmetry of the patchy particles, which should be understood morphologically. The 

different azimuthal rotations of substrates lead to different deposition orders in three deposition  
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Figure 3.2.4 SEM images of Ag patchy particles prepared by (a) CW and (b) CCW rotations of 

the substrate during DSG. Ref.[131] 

 

directions (φ0, φ0+120°, φ0+240°), which causes different material accumulations due to the 

shadowing effect of the deposited thin films. Figure 3.2.4 shows the top-view SEM images of two 

Ag nanostructures fabricated at similar φ0 by CW and CCW substrate rotations. Three 

characteristic lengths labeled by solid lines measure the structure dimensions in three deposition 

directions. The characteristic length increases in CW order in CW sample, and in CCW order in 

CCW sample, which clearly illustrates the asymmetry or chirality of the nanostructures. Such an 

asymmetry remains the same for nanostructures in different monolayer domains, as long as they 

are prepared by the same substrate rotation, which leads to an incomplete cancellation in CD 

responses from many domains, resulting in non-zero bulk CD. The detailed study regarding the 

bulk CD response of the racemic Ag patchy particles can be found in Ref.[131]. 

 

3.3 Effect of monolayer orientations 

The morphology simulation results in Figure 3.2.2 have demonstrated that the geometric chirality 

of patchy particles is directly determined by φ0, and the nanostructures with φ0 and 60°−φ0 are 
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morphological enantiomers. With φ0 = 0°, the nanostructure has an achiral shape. As φ0 increases, 

a chiral fan-shaped structure with three rotating arms appears. The arms of fan-shaped structures 

gradually become shorter and wider with increasing φ0. The structure finally becomes achiral as 

φ0 approaches 30°. This section will describe a systematic investigation of the chiral optical 

properties of the patchy particles with different φ0 by both experiments and simulations. Note, the 

Ag patchy particles in this study were fabricated by CCW rotation of substrates during DSG. In 

order to measure the CD of the patchy particles in small domains (typically < 1 mm2), the custom 

spectroscopic microscope was used for taking both micrographs and transmittance spectra (see 

Section 2.6).  

 

3.3.1 Effect of monolayer orientations: morphology 

Ag nanostructures on six representative domains (Domains #1–6) are selected for both 

morphological and optical studies. Figure 3.3.1a shows the top-view SEM images of Ag 

nanostructures in Domains #1–6. Domains #1–6 have φ0 = 58°, 3°, 52°, 9°, 23°, and 30°, 

respectively (see Section 2.5 for determining φ0). As predicted by the morphology simulations, 

chiral fan-shaped structures are produced on Domains #1–4 with φ0 close to 0° or 60°, and achiral 

triangular and hexagonal structures are created on Domains #5 and #6 with φ0 close to 30°, 

respectively. Particularly, Domains #1, 2 and #3, 4 form two pairs of morphological enantiomers, 

since the sum of their φ0 is roughly equal to 60°. To characterize the dimensions of Ag 

nanostructures on different domains, a characteristic length l is defined as the distance from one 

vertex to the opposite edge or vertex of the triangular-shaped fans, triangles or hexagons, as 

illustrated by the solid red lines in Figure 3.3.1a. l is measured to be 330 ± 30, 330 ± 30, 300 ± 

40, 310 ± 30, 280 ± 20, and 380 ± 20 nm for Domains #1–6, respectively. For Domains #1–4, l is 
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Figure 3.3.1 (a) SEM images, (b) optical micrographs under LCP and RCP light illuminations, 

(c) measured circularly polarized transmittance, (d) both measured and simulated differential 

circularly polarized transmittance ΔT, and (e) simulated circularly polarized transmittance, for 

Domains #1–6. The scale bars in (a) and (b) represent 500 nm and 100 μm, respectively. 

 

approximately equal to the arm length, and it is found that the arm length of Domains #1 and #2 

is larger than that of Domains #3 and #4, which agrees with the morphology simulations. 

 

3.3.2 Effect of monolayer orientations: optical property 
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The chiral optical response of individual domains can be visualized and measured by the custom 

spectroscopic microscope system. Figure 3.3.1b shows the optical micrographs of Domains #1–

6, under LCP light illumination (left-sided figure) and RCP light illumination (right-sided figure). 

For each domain, the micrographs under LCP and RCP light illuminations were taken in the same 

region, and their color differences are resulted from the different transmittance spectra between 

LCP and RCP light. Domain #1 (Domain #2) appears orange under LCP (RCP) light and red under 

RCP (LCP) light. Domain #3 (Domain #4) appears green under LCP (RCP) light, and red under 

RCP (LCP) light. For the morphological enantiomers, Domains #1 and #2 or Domains #3 and #4, 

their colors are interchanged when switching the circular polarizations, indicating opposite chiral 

optical responses. Domain #5 shows orange color and Domain #6 shows red color under both LCP 

and RCP light. No distinct color change between the LCP and RCP micrographs of Domains #5 

and #6 indicates weak or no chiral optical response, which originates from their achiral structures.  

Differential circularly polarized transmittance, ΔT = T(RCP) − T(LCP), is used to 

characterize the CD response of the Ag patchy particles. Figure 3.3.1c shows the measured 

T(RCP) and T(LCP) for Domains #1–6. The measured ΔT spectra after averaging the front and 

back illumination measurements are shown with green solid lines in Figure 2d. All the domains 

have low transmittance (~0.05–0.2) in short wavelength range λ = 450–600 nm. This is mainly 

caused by the high-order LSPR of Ag nanostructures and the increased scattered light not being 

collected in zero-order transmittance measurement.[133] It should be noted that a transmittance 

dip around λ = 600 nm in both T(RCP) and T(LCP) spectra for all the domains, corresponds to the 

photonic band gap of the two-dimensional periodic monolayers, which is determined by the 

refractive index contrast and the lattice constant of the monolayers.[134] For Domain #1, T(RCP) 

is lower than T(LCP) in wavelength range λ = 500–600 nm, leading to negative ΔT. T(RCP) 
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becomes greater than T(LCP) in long wavelength range λ = 600–1000 nm, leading to positive ΔT, 

which makes the sample surface appear more red under RCP light than LCP light in the 

microscope. Both T(RCP) and T(LCP) have small peaks around λ = 650 nm, which results in a 

small positive peak in ΔT spectrum. T(RCP) has two dips at λ = 525 and 690 nm due to the LSPR 

of Ag films, and a broad peak at λ = 780 nm, resulting in a positive broad peak in ΔT spectrum. 

For Domain #2, T(RCP) and T(LCP) spectra are similar to T(LCP) and T(RCP) spectra of Domain 

#1, respectively, indicating that Domains #1 and #2 have opposite ΔT. For Domain #3, T(RCP) is 

lower than T(LCP) in wavelength range λ = 500–600 nm with negative ΔT, which makes Domain 

#3 appear green under LCP light in the microscope. In wavelength range λ = 600–703 nm, T(RCP) 

becomes greater than T(LCP) with positive ΔT, which makes Domain #3 appear red under RCP 

light in the microscope. T(RCP) shows two dips at λ = 520 and 750 nm, and T(LCP) also shows 

two dips at λ = 620 and 770 nm, corresponding to the LSPR of Ag films. A sharp transmittance 

peak appears in T(RCP) at λ = 660 nm, resulting in a sharp ΔT peak. As expected, Domain #4 has 

the similar transmittance spectra as Domain #3, but with T(RCP) and T(LCP) spectra interchanged. 

For Domains #5 and #6, their T(RCP) and T(LCP) spectra almost overlap with each other, 

indicating ΔT to be almost 0. Domains #5 and #6 have the same transmittance dip at λ = 470 and 

530 nm, but show different LSPR wavelengths in long wavelength range, due to their different 

structures. Domain #5 has two resonances at λ = 720 and 950 nm, while Domain #6 has a resonance 

at λ = 890 nm. The transmittance dip at λ = 720 nm makes Domain #5 transmit less red light than 

Domain #6, which explains their color difference in the microscope. The circularly polarized 

transmittance measurements confirm the opposite chiral optical response of Domains #1 and #2 

(#3 and #4), and weak or no chiral optical response of Domains #5 and #6, which is consistent 

with their morphological chirality and the observation under the microscope. In addition, two pairs 
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of enantiomers, Domains #1–2 and #3–4, exhibit different spectral features, which originates from 

the differences in the shape and size of their structures. Note, since the morphology of Ag patchy 

films strongly depends on φ0, other domains with different φ0, can have different structures and 

thus show different CD spectra from those of Domains #1–6, which are not shown here. 

Furthermore, the local CD response of individual domains can be extremely large. The magnitude 

of ΔT can reach 0.27 for Domains #1and #2, and even 0.32 for Domains #3 and #4. The CD 

response of certain local domains are one order of magnitude larger than the statistically averaged 

CD response of the racemic mixture of different domains, which has ΔT = 0.02 and η = 2° at 

maximum. 

 

3.3.3 Effect of monolayer orientations: FDTD simulation 

The chiral optical properties were also simulated by FDTD method (see Section 2.7 for the details 

of FDTD simulations). The simulated T(RCP) and T(LCP) spectra for Domains #1–6 are shown 

in Figure 3.3.1e, and the calculated ΔT spectra are shown with dotted blue lines in Figure 3.3.1d. 

The geometric models of Ag films in FDTD simulations were created based on the top-view SEM 

images and are shown in Figure 3.3.2. In the simulations, it is assumed that all the Ag films are 

uniformly coated on nanospheres with a thickness of 100 nm and a smooth surface. The SEM 

images in Figure 3.3.1a show that the three arms of chiral fan-shaped Ag films have different 

lengths, which results from the substrate rotation during depositions. But in the FDTD simulations, 

the lengths of three arms of a fan-shaped Ag nanostructure are assumed to be the same. These 

simple models are meant to capture the essential features of the CD response of each structure, and 

we have ignored the spatial distribution of Ag thickness and the morphological variation shown in 

Figure 3.3.1a. As shown in Figures 3.3.1d and 3.3.1e, regardless of multiple assumptions are 
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made on the simulated structures, the FDTD simulations still successfully reproduce the main 

features of experimental results. For Domains #1–6, all the resonances in the measured 

transmittance and differential transmittance spectra are well reproduced in the simulated spectra 

at almost the same wavelength positions. But there are still some small differences between the 

measured and simulated spectra, such as an extra resonance at λ = 943 nm in the simulated 

transmittance spectra of Domains #1 and #2, and an extraordinary high transmittance in near-

infrared region in the simulated spectra of Domains #3 and #4. These deviations could result from 

small difference in size, shape, or thickness between simulated and actual structures. The near-

field FDTD simulations were also performed to reveal the nature of the plasmonic resonances 

under circularly polarized incident light. Figure 3.3.3 shows the simulated near-field current 

directions on Ag films from Domains #2, #4, #5 and #6, at the plasmonic resonance wavelengths, 

 

 

Figure 3.3.2. Geometric models of Ag nanostructures in Domains #1–6 that are used in FDTD 

simulations. The green rectangles indicate the simulation space, which is a unit cell of the 

nanosphere array. The nanosphere diameter is 500 nm. 
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Figure 3.3.3 Simulated near-field current directions of (a) Domain #2 with LCP incident light at 

λ = 707 nm, (b) Domain #2 with RCP incident light at λ = 943 nm, (c) Domain #4 with RCP 

incident light at λ = 682 nm, (d) Domain #4 with LCP light at λ = 833 nm, (e) Domain #5 with 

RCP incident light at λ = 710 nm, (f) Domain #5 with LCP light at λ = 1000 nm, and (g) Domain 

#6 with RCP incident light at λ = 913 nm. The insets are simulated current distributions when 

the currents are in direction of green arrows. 
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which are labeled in blue arrows in Figure 3.3.1e. For simplicity, the near-field simulations of 

Domains #1 and #3 are not shown here, because their current distributions will be the mirror 

images of those of Domains #2 and #4, respectively. The arrows in different colors represent 

different plasmon oscillations, which have different phases and appear in the sequence as shown 

in Figure 3.3.3. The current distributions also exhibit three-fold symmetry as the nanostructures. 

The insets in Figure 3.3.3 show the current distributions on the Ag film surfaces when the currents 

are in the directions of the green arrows. 

 

3.3.4 Effect of monolayer orientations: from local CD to bulk CD 

The chiral optical measurements and simulations of individual domains reveal that the Ag patches 

with different φ0 can exhibit different or even opposite CD responses. The polycrystalline nature 

of the monolayers allows the coexistence of Ag patches with even opposite CD responses. These 

Ag patches on the same substrate can be individually examined by the spectroscopic microscope, 

which provides an excellent platform for the enantiomer sensing, benefiting from both their sharp 

CD peaks and coexistence of patches with opposite CD responses.[57] When a mixture of these 

Ag patches is examined in a single CD measurement, their CD responses are supposed to be 

cancelled out. In order to study how the Ag patches with opposite CD response contribute to the 

averaged CD signal, ΔT spectra of a mixture of two domains with opposite CD response were 

measured at their boundary by the spectroscopic microscope. The two domains are labeled as 

Domain #7 and #8, as shown in the micrographs in Figure 3.3.4a. Domain #7 (#8) appears red 

(green) under LCP illumination and green (red) under RCP illumination.  ΔT spectra were 

measured with different area percentage of Domain #7, X, and area percentage of Domain #8, 

1−X, which are shown by the dotted lines in Figure 3.3.4b. The spectra ΔT0% and ΔT100% are for 
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Figure 3.3.4. (a) Optical micrographs at a boundary of Domains #7 and #8 under LCP and RCP 

illuminations. (b) Measured (dotted lines) and fitted (solid lines) ΔT spectra of a mixture of 

Domains #7 and #8 with different area percentage X of Domain #7. (c) The relationship between 

measured X and fitted X. 

 

sampling area with only Domains #8 and #7, showing similar spectra features as those of Domains 

#3 and #4, respectively. The differential transmittance spectra ΔT(X) of the mixed domains are 

assumed to be a linear superposition of ΔT0% and ΔT100%, i.e. ΔT(X) = (1−X)ΔT0% + XΔT100%, 

which is used to fit the experimental spectra by least square method to obtain the fitted X. The 

fitted spectra are shown by the solid lines in Figure 3.3.4b. X can also be measured directly in the 

micrographs, and is plotted against the fitted X, as shown in Figure 3.3.4c. The relationship 

between measured X and fitted X is fitted by a linear function y = kx + b with the slope k = 1.018 

± 0.008 and the intercept b = 0.030 ± 0.004, which indicates that the measured and fitted X are 
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almost equal. This validates the linear superposition assumption, and demonstrates that the 

contribution of a domain to the averaged CD signal is proportional to its area.  

 

3.4 Optimization of chiral optical response of Ag fan-shaped nanostructures 

In Section 3.3, a systematic study is performed on how the monolayer orientation φ0 affects the 

chiral optical response of the Ag patchy particles, with incident angle θ = 86°, and thickness tQCM 

= 4 × 30 nm. It is found that Ag fan-shaped nanostructures created with φ0 around 10° or 50° 

exhibit large circular dichroism response. Besides the monolayer orientations, other deposition 

conditions and post-deposition treatments can affect the chiral optical effects. Here, we 

systematically investigate how the chiral optical response of the fan-shaped chiral nanostructures 

with φ0 ≈ 53° depends on other fabrication parameters, such as incident angle of vapor flux θ, 

thickness tQCM, and annealing. This study can help to further understand and optimize the chiral 

optical response of fan-shaped chiral nanostructures. 

 

3.4.1 Optimization of chiral optical response of Ag fan-shaped nanostructures: tuning θ 

The chiral patchy particles are prepared with d = 500 nm PS nanospheres at four different incident 

angles θ = 82°, 84°, 86° and 88°, with the thickness tQCM = 4 × 30 nm. The fan-shaped 

nanostructures with φ0 ≈ 53° are selected for morphological and optical characterizations. The 

impact of θ on the morphology of Ag fan-shaped nanostructures can be visualized by the 

morphology simulations, as shown in Figure 3.4.1a. According to the simulation results, 

increasing θ reduces the size of the fan-shaped nanostructures, which is caused by a larger 

shadowing area of nanospheres. Increasing θ also decreases the thickness of the fan-shaped 

nanostructures, which is due to a smaller normal area facing vapor flux.[125] The morphology  
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Figure 3.4.1. (a) Simulated chiral fan-shaped nanostructures fabricated with φ0 = 53°, and θ = 

82°, 84°, 86° and 88°. Top-view SEM images of Ag fan-shaped nanostructures with (b) θ = 82°, 

φ0 = 53°, (c) θ = 84°, φ0 = 54°, (d) θ = 86°, φ0 = 52°, and (e) θ = 88° φ0 = 53°. The scale bar in 

(b)-(e) represents 1 µm. 

 

change is confirmed by the top-view SEM images, as shown in Figures 3.4.1b–e. The 

characteristic length l, as labelled by a red line in SEM images, and the coverage area C of the Ag 

fan-shaped nanostructures, decrease with increasing θ as listed in Table 3.4.1, which is consistent  
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Table 3.4.1. Structural and spectral parameters of Ag fan-shaped nanostructures with different θ 

 θ = 82° θ = 84° θ = 86° θ = 88° 

l (nm) 380 ± 20 330 ± 20 310 ± 30 220 ± 20 

C (µm2) 0.11 ± 0.01 0.097 ± 0.009 0.089 ± 0.007 0.042 ± 0.009 

λRCP (nm) 808 731 749 684 

λLCP (nm) 743 

636 

684 

742 

630 

685 

767 

682 

 
λT (nm) 683 659 660 644 

λg (nm) 688 658 657 659 

 

with the simulated results. l and C has a very small difference between the structures with θ = 84° 

and 86°,indicating a slight structural change, while a significant difference in l and C between 

structures with θ = 86° and 88°, indicating a large structural change. In addition, both the 

simulation and SEM reveal that the fan-shaped structure changes its chiral shape with tuning θ. 

Among these four structures, the one fabricated at θ = 82° almost has a triangular shape with poor 

geometric chirality. Furthermore, according to the SEM images, a larger θ leads to higher surface 

roughness and a larger structural variation, which mainly ascribes to the shadowing effect at large 

θ. Therefore, tuning θ can change the size, shape, thickness, surface roughness, and structural 

variation of the fan-shaped nanostructures. 

 The circularly polarized transmittance spectra of the Ag fan-shaped nanostructures 

fabricated at different θ are measured by the spectroscopic microscope, and are shown in Figures 

3.4.2a and 3.4.2b. The structures with θ = 82°, 84° and 88°  share similar spectral features as the 

one with θ = 86° described in Section 3.3. Their differences in transmittance spectra are in 

transmittance magnitude and resonance locations. Among these structures, the one with θ = 82° 

has the lowest transmittance due to its largest Ag coverage and film thickness, while the one with  
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Figure 3.4.2. (a) T(RCP), (b) T(LCP), (c) ΔT, and (d) g-factor spectra for Ag fan-shaped 

nanostructures fabricated at θ = 82°, 84°, 86° and 88°. 

 

θ = 88° has the highest transmittance resulted from its smallest Ag coverage and film thickness. 

The spectral features of the structures with θ = 84° and θ = 86° are very close, which originates 

from their slight structural difference. For T(RCP), these four fan-shaped structures exhibit three 

distinct transmittance valleys, located around λ = 510 nm, λ = 600 nm and in the range of λ = 690–

800 nm, and also a sharp transmittance peak λT in the range of λ = 640–690 nm (see Table 3.4.1 

for λT). The transmittance valley at λ = 600 nm is the photonic bandgap of the 2D array of 

nanospheres, which appears in both T(RCP) and T(LCP) spectra. Since the fan-shaped structures 

have strong chiral optical response in the wavelength range λ = 600–800 nm, we will focus our 
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discussion in that wavelength range. The LSPRs at wavelengths λRCP in the range of 690–800 nm, 

labeled by triangles in Figure 3.4.2a and listed in Table 3.4.1, should correspond to the plasmon 

mode as shown in Figure 3.3.3d, and show significant wavelength shift with increasing θ. Since 

larger θ leads to smaller fan-shaped nanostructures, λRCP is expected to shift to shorter wavelength 

with increasing θ. This is true except a comparison between λRCP(θ = 84°) and λRCP(θ = 86°), 

according to the experimental results λRCP(θ = 82°) > λRCP(θ = 86°) > λRCP(θ = 84°) > λRCP(θ = 88°). 

However, λRCP(θ = 86°) and λRCP(θ = 84°) are very close, which is resulted from their similar 

structural sizes. The relation λRCP(θ = 86°) > λRCP(θ = 84°) should be mainly due to their difference 

in thickness. This will be confirmed in the next section where fan-shaped nanostructures with θ = 

84° redshift LSPR in T(RCP) as the thickness decreases from tQCM = 4 × 30 nm. Additionally, the 

most intense LSPR at λRCP is obtained at θ = 84°, with the sharpest transmittance peak at λ = 660 

nm. The LSPR becomes weaker with a broader transmittance peak at shorter wavelengths as θ 

deviates from 84°. For T(LCP), the transmittance magnitude has the similar trend as that of T(RCP). 

The structures with θ = 84° and θ = 86° have similar T(LCP) spectra with three resonances λLCP 

above the photonic band gap labeled by triangles in Figure 3.4.2b, some of which (open triangles) 

are weak and hard to identify the wavelength. In the contrast, the structures with θ = 82° and θ = 

88° only exhibit one resonance at λLCP above λ = 600 nm (see Table 3.4.1 for λLCP).   The 

resonances at λLCP = 636 nm for θ = 84° and λLCP = 630 nm for θ = 86° should correspond to the 

plasmon mode shown in Figure 3.3.3c. The plasmon modes for other resonances need to be 

revealed by further FDTD simulations, which are hard to accomplish due to the difficulty in 

extracting the exact 3D models of fan-shape nanostructures fabricated at different θ. The circularly 

polarized differential transmittance ΔT spectra and the dissymmetry factor g = ΔA/A, where ΔA is 

the differential extinction between RCP and LCP light, and A is the unpolarized extinction, are 
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shown in Figures 3.4.2c and 3.4.2d, respectively. Both ΔT and g factor show a significant peak in 

the wavelength range of λ = 600–800 nm (see Table 3.4.1 for the peak wavelength of g factor 

spectra λg). λg and λT are very close, which indicates the dominant contribution from the 

transmittance peak in T(RCP) to the CD signal. The comparison in both ΔT and g factor spectra 

indicates that θ = 84° leads to the fan-shaped structure with the strongest CD response, which 

benefits from its intense LSPR and sharp transmittance peak. This optimal incident angle θ = 84° 

can be easily understood. When θ is smaller, such as θ = 82°, the fabricated fan-shaped structure 

has larger structural size and thickness in a triangular-like shape with less chirality, which results 

in a lower transmittance and weak CD response. When θ is larger, such as θ = 88°, the obtained 

fan-shaped structure has smaller structural size and thickness with higher surface roughness and 

structural variation. This leads to a higher transmittance but weaker plasmonic resonances, which 

accounts for the weak CD response.   

 

3.4.2 Optimization of chiral optical response of Ag fan-shaped nanostructures: tuning tQCM 

According to Section 3.4.1, with tQCM fixed at 4×30 nm, θ = 84° leads to the strongest CD response 

of Ag fan-shaped nanostructures. Therefore, in order to investigate the effect of tQCM, we fix θ at 

84°. Six patchy particle samples were prepared with tQCM = 4×10 nm, 4×20 nm, 4×25 nm, 4×30 

nm, 4×35 nm, and 4×40 nm, respectively. Domains with φ0 ≈ 53° were selected for morphological 

and optical characterizations. Figure 3.4.3 shows the top-view SEM images of these samples. The 

Ag fan-shaped nanostructures with different tQCM have almost the same structural size and shape 

according to the top-view SEM images. There are small variations in their structural shapes, which 

may be caused by the small variation of φ0 and the different shadowing effect of the deposited 

films with different thicknesses. In the following discussion, these small variations in shapes will  
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Figure 3.4.3. Top-view SEM images of Ag fan-shaped nanostructures with (a) tQCM = 4×10 nm, 

φ0 = 52°, (b) tQCM = 4×20 nm, φ0 = 54°, (c) tQCM = 4×25 nm, φ0 = 53°, (d) tQCM = 4×30 nm, φ0 

= 54°, (e) tQCM = 4×35 nm, φ0 = 53°, and (f) tQCM = 4×40 nm, φ0 = 54°. The scale bar in each 

figure represents 1 µm. 

 

be ignored, and we assume that the only difference among these fan-shaped nanostructures is 

thickness. 

 The T(RCP) and T(LCP) spectra for Ag fan-shaped nanostructures fabricated with different 

tQCM are measured by the spectroscopic microscope, and are shown in Figures 3.4.4a and 3.4.4b, 

respectively. The ΔT and g factor spectra are calculated and shown in Figures 3.4.4c and 3.4.4d, 

respectively, to compare the CD response of different structures. Similar to Section 3.4.1, we will 

focus our discussion in the wavelength range above the photonic band gap of the nanosphere 

monolayer i.e. λ > 600 nm. For T(RCP), all the structures have the same spectral features, with a 

LSPR in the range of λ = 730–790 nm and a sharp transmittance peak around λ = 660 nm. The 

resonance wavelength λRCP is plotted against tQCM, as shown in Figure 3.4.4e. The λRCP has almost  
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Figure 3.4.4. (a) T(RCP), (b) T(LCP), (c) ΔT, and (d) g-factor spectra for Ag fan-shaped 

nanostructures fabricated with tQCM = 4×10 nm, 4×20 nm, 4×25 nm, 4×30 nm, 4×35 nm and 

4×40 nm. LSPR wavelengths (e) λRCP and (f) λLCP as functions of tQCM. 
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no change as tQCM increases from 4×10 nm to 4×25 nm, shifts to a shorter wavelength by 60 nm 

as tQCM reaches 4×30 nm, and then shifts to longer wavelengths as tQCM increases further. 

According to the near-field FDTD simulations in Section 3.3.3, these LSPRs should correspond to 

one LSPR mode with the current oscillation shown in Figure 3.3.3d. For T(LCP), Ag fan-shaped 

nanostructures with different thicknesses show a transmittance peak located in the range of λ = 

650–700 nm and multiple resonances. The resonance wavelength λLCP is plotted against tQCM, as 

shown in Figure 3.4.4f. With tQCM = 4×10 nm, only one LSPR appears at λ = 775 nm. As tQCM = 

4×20 nm, two resonances appear at λ = 730 nm and 830 nm, and shift to shorter wavelengths with 

increasing tQCM. With tQCM = 4×30 nm, one resonance becomes very weak and can be hardly 

identified, labeled as possible LSPR in Figure 3.4.4f, which then shifts to longer wavelengths with 

increasing tQCM. The other resonance disappears as tQCM becomes 4×35 nm and even larger. A new 

resonance at λ = 630 nm only exists with tQCM = 4×30 nm, 4×35 nm, and 4×40 nm, and almost 

does not shift with thickness change. The multiple resonances observed in T(LCP) are complicated 

and hard to analyze. However, according to Figures 3.4.4.e and 3.4.4f, we can find a general trend 

for resonance shift. The LSPR wavelength first blueshifts with increasing tQCM, reaches the 

minimum at tQCM = 4×30 nm, and then redshifts. The only exception is the resonance in T(LCP) at 

λ = 630 nm. Under the assumption that the only difference among these fan-shaped structures is 

their thickness, we attribute the complicated change in LSPR to the thickness or thickness 

distribution change at different tQCM. It should be noted that the charge or current oscillation modes 

obtained by near-field FDTD simulations shown in Figure 3.3.3 are actually in 3D, which 

definitely involve electron oscillation in z direction. Therefore, the thickness or thickness 

distribution change of the nanostructures, which cannot be verified and quantified in top-view 

SEM images, may cause the LSPR wavelength shift and even the appearance of a new surface 
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plasmon mode. Due to the lack of 3D information of the fan-shaped nanostructures with different 

tQCM, FDTD simulations are not performed to further study the effect of thickness. With the goal 

of optimizing the chiral optical response of Ag fan-shaped nanostructures, we focus on the 

comparison in ΔT and g factor of these structures with different thicknesses. According to Figures 

3.4.4c and 3.4.4d, the fan-shaped structure fabricated with tQCM = 4×30 nm shows the highest CD 

response, which coincides with the shortest LSPR wavelengths. The highest CD signal is generated 

by the sharp transmittance peak around λ = 660 nm in T(RCP), which varies slightly for different 

thicknesses. With tQCM = 4×30 nm, multiple LSPR at their shortest wavelengths fall in the 

wavelength range of this sharp T(RCP) peak, which leads to the largest transmittance difference 

between RCP and LCP polarizations.  

  

3.4.3 Optimization of chiral optical response of Ag fan-shaped nanostructures: annealing 

Another factor that can affect the chiral optical effects of the fan-shaped nanostructures is the post-

deposition annealing. The as-deposited Ag nanostructures may be porous with small Ag crystals 

and their property may be different from continuous large Ag crystals. Here we investigate how 

annealing can change the morphology and chiral optical response of Ag fan-shaped nanostructures. 

According to the discussion above, Ag fan-shaped nanostructures fabricated with θ = 84° and tQCM 

= 4×30 nm exhibit the largest CD response, which is used in this study. The substrate is annealed 

in vacuum at a pressure of 60 mTorr and at a temperature of 200°C for 60 min. The annealing 

temperature is much higher than the glass transition temperature of polystyrene (~100°C). 

Therefore, the polystyrene nanospheres become pliable and the nanosphere monolayer is 

transformed into a flat layer of polystyrene. The disappearance of nanospheres is confirmed by the 

SEM images taken before and after annealing, as shown in Figures 3.4.5a and 3.4.5b, respectively.  
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Figure 3.4.5. The SEM images of Ag fan-shaped nanostructures fabricated by DSG with θ = 84° 

and tQCM = 4×30 nm (a) before and (b) after annealing. T(RCP) and T(LCP) spectra of Ag fan-

shaped nanostructures (c) before and (d) after annealing. (e) T(RCP)-T(LCP) and (f) 

T(RCP)/T(LCP) spectra of Ag fan-shaped nanostructures before and after annealing.   

 

According to the SEM images, the Ag nanostructures have no obvious change in the geometric 

shape, but a significant change in surface roughness. As shown in Figure 3.4.5a, the surface of 

the nanostructures is rough with many Ag nanoparticles before annealing. After annealing, the 

nanostructure surface becomes smooth without obvious Ag nanoparticles. The reduced surface 
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roughness is caused by the diffusion and coalescence of Ag nanoparticles with high surface energy 

in the annealing process.[135] Another possible morphology change is that the fan-shaped 

structures have less 3D features, because the nanosphere array becomes a flat layer, which cannot 

be confirmed by top-view SEM images.  

 The annealing has a significant impact on the chiral optical property. Figures 3.4.5c and 

3.4.5d show the circularly polarized transmittance spectra before and after annealing, respectively. 

After annealing, the transmittance magnitude increases in the wavelength range without 

resonances. The disappearance of polystyrene nanospheres and Ag nanoparticle reduces the light 

scattering and thus enhances the transmittance. In addition, the photonic band gap at λ = 600 nm 

is removed after annealing due to no periodic nanosphere array. The most significant change in 

chiral optical property is that the LSPRs redshift and becomes more intense with sharper 

transmittance valleys. The resonances are labeled by the colored triangles in Figures 3.4.5c and 

3.4.5d. After annealing, the reduced surface roughness helps to decrease the variation in structural 

size and shape, which along with the reduced light scattering leads to a narrower and stronger 

plasmonic resonance. There are two possible reasons for the redshift of LSPR wavelengths, the 

structural change and the surrounding refractive index change. As discussed above, the fan-shaped 

nanostructures may become more like 2D structure after annealing, and thus have structural 

changes in the substrate normal direction. Additionally, the polystyrene becomes flexible in the 

annealing process, and Ag nanostructures may be partially embedded in the polystyrene, which 

changes the surrounding refractive index of the Ag nanostructures. Both the structural change and 

surrounding refractive index change can lead to the LSPR wavelength shift. However, these two 

possible reasons cannot be verified in SEM images. The redshift of the LSPR wavelengths in 

T(RCP) and T(LCP) spectra leads to the redshift of T(RCP)-T(LCP) spectrum after annealing. The 
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intense resonance in T(RCP) at λ = 770 nm results in a strong negative peak in T(RCP)-T(LCP) 

spectrum.   

One interesting effect caused by the annealing is that the narrow transmittance valley in 

T(LCP) and the sharp transmittance peak in T(RCP) are at the same wavelength λ = 690 nm, which 

leads to a huge transmittance contrast between RCP and LCP. Figure 3.4.5f shows the polarization 

extinction ratio T(RCP)/T(LCP) of the Ag fan-shaped nanostructures before and after annealing. 

The maximum of T(RCP)/T(LCP) is 3.5 before annealing and reaches 7.5 after annealing.  We 

propose that such a large-area substrate can work as a narrow-band circular polarizer with a band 

width of 18 nm.  

 

3.5 Fan-shaped chiral nanostructures in different materials 

One important question needs to be asked: “Does the chiral optical property of the fan-shaped 

nanostructures originate from the intrinsic property of the chiral geometry or have to require 

surface plasmon?” To answer this question, we explore the chiral optical property of the fan-

shaped chiral nanostructures in other metal materials, including Au, Cu, and Ni. The fan-shape 

nanostructures are fabricated by DSG with θ = 86° and tQCM = 4×30 nm, on hexagonal close-

packed nanosphere arrays with diameter d = 500 nm. The monolayer domains with φ0 ≈ 10° are 

selected for optical characterizations, which have chiral fan-shaped nanostructures similar to those 

in Domain #4 in Section 3.3. The measured T(RCP) and T(LCP) of fan-shaped nanostructures in 

different materials are shown in Figure 3.5.1, along with those of Ag fan-shaped nanostructures 

for comparison. All the structures have transmittance valley at λ = 600 nm due to the photonic 

band gap of the nanosphere monolayer, and also similar transmittance magnitude. Au and Cu are 

plasmonic materials as well as Ag. Therefore, Au and Cu fan-shaped nanostructures exhibit LSPR  
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Figure 3.5.1. Measured (a) T(RCP), and (b) T(LCP) spectra of the chiral fan-shaped 

nanostructures made by Ag, Au, Cu, and Ni. 

 

 
Figure 3.5.2 (a) Measured, and (b) simulated ΔT spectra of the chiral fan-shaped nanostructures 

made by Ag, Au, Cu, and Ni. 

 

in visible to near-IR wavelength range. Au nanostructure has LSPR around λ = 820 nm, and Cu 

nanostructure shows LSPR around λ = 770 nm, in both RCP and LCP polarizations. Since Ni is 

not a plasmonic material, no LSPR is observed for Ni fan-shaped nanostructure. All the fan-shaped 

nanostructures show a transmittance peak around λ = 670 nm, which is possibly caused by the 

photonic band gap at λ = 600 nm and LSPRs or absorbance in longer wavelength range. Figure 

3.5.2a shows the measured ΔT spectra for fan-shaped nanostructures in different materials. 

Surprisingly, all the fan-shaped nanostructures show similar spectral features for ΔT spectra: ΔT 
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is positive in short wavelength range (< 600 nm), and becomes negative in longer wavelength 

range with a negative peak. The wavelengths of the negative peak in ΔT spectra are close for Ag, 

Au and Ni structures, which are mainly determined by the transmittance peaks around λ = 670 nm. 

The ΔT negative peak for Cu structure is located at an even longer wavelength, which is mainly 

caused by the resonance in T(RCP) at λ = 770 nm. Ag structure shows the strongest CD response 

due to its intense LSPR, while Ni structure without any plasmonic resonance shows the weakest 

response. The similar spectral feature in CD response of different structures may originate from 

the intrinsic chiral geometry of the fan-shaped structures. The different magnitude and peak 

wavelength of CD spectra are determined by the material properties. The CD response is confirmed 

by FDTD simulations. The simulations were performed by assuming the structures in different 

materials are all the same as Ag fan-shaped nanostructures. The simulated ΔT spectra agree well 

with the measured ones, as shown in Figure 3.5.2b.  

 This study demonstrates that the fan-shaped chiral nanostructures show similar CD spectra. 

The CD magnitude may vary with material property, but the spectral features are determined by 

the intrinsic chirality of fan-shaped structures. In addition, the demonstration of chiral optical 

response for fan-shaped nanostructures in different materials opens up the possibility for different 

functionalities. For example, Ni chiral nanostructures can exhibit magnetic circular dichroism, 

which is from the coupling between structural chirality and magnetism.[89, 90] Au has an inert 

surface, which cannot be easily oxidized and is excellent for chemical and biological sensing, 

unlike Ag. Therefore, Au chiral nanostructures have been utilized for sensing,[57] as it will be 

demonstrated in Section 5.4.  

 

 

3.6 Conclusions 
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In summary, we have presented a fabrication strategy for chiral metamaterial by DSG on SACMs. 

The obtained plasmonic patchy particles contain various nanostructures with different chirality 

and shapes, which are determined by the relative orientation of monolayers with respect to the 

incident vapor during the fabrication. The racemic mixtures of patchy particles show a bulk CD 

response, which is caused by the dissymmetry in shadowing growth. A systematic investigation 

exploring the monolayer orientation effect reveals that the local nanostructures can exhibit 

different or even opposite CD response. At a particular monolayer orientation, fan-shaped chiral 

structures can be obtained, which show giant CD response, one order of magnitude larger than the 

bulk CD, and comparable to highest CD of those prepared by EBL. Another systematic study 

explores how the CD response of the Ag fan-shaped structures is influenced by different 

fabrication parameters, including incident angle of vapor flux θ, thickness tQCM, and annealing. θ 

is found to influence the CD response through changing the size, shape, thickness, surface 

roughness and structural variation of the fan-shaped nanostructure. The optimal value for θ is 84° 

in order to achieve largest CD response with tQCM fixed at 4×30 nm. A smaller θ leads to a less 

chiral shape and higher Ag coverage, and a larger θ leads to a highly rough surface and large 

structural variation, which both results in a poor CD signal. The thickness tQCM can affect the CD 

response by tuning the LSPR. The optimal thickness tQCM is 4×30 nm with θ fixed at 84°. The 

post-deposition annealing can change the structural morphology primarily in the substrate normal 

direction, and reduce the surface roughness, leading to an improved CD signal. It is found that the 

Ag fan-shaped structures after annealing can be developed as a narrow-band circular polarizer if 

they are fabricated on a large-area substrate without structural variations. The CD response of fan-

shaped nanostructures in different metal materials is also investigated, which opens up the 

possibility for different functionalities, such as magnetic circular dichroism and sensing. The giant 
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CD signal, tunable structures and optical response, and great advantage in scalable fabrication, 

make this DSG based fabrication method very suitable for developing chiral metamaterial based 

optical devices, which will be further discussed in Chapter 5. 
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CHAPTER 4 

 

HELICALLY STACKED PLASMONIC NANOSTRUCTURES 

 

4.1 Introduction  

In Chapter 3, a fabrication strategy for quasi-3D chiral metamaterial based on DSG on SACMs 

has been described. In this strategy, one layer of metal thin film is coated on nanospheres, whose 

shape or geometric chirality is directly related to the monolayer orientation. The dependence of 

chirality on the monolayer orientation originates from the different nanostructure shapes resulted 

from the shadowing effect during DSG process. Therefore, with polycrystalline monolayers, one 

can only achieve the racemic mixture of Ag patches, which has poor uniformity and weak bulk 

CD response. In this chapter, we introduce another DSG based fabrication strategy for 3D chiral 

metamaterials, which produces chiral nanostructures with almost no monolayer orientation effect 

and good uniformity on polycrystalline monolayers. In this fabrication strategy, plasmonic thin 

films are helically stacked on nanospheres by vapor depositions alternated between metals and 

dielectric materials. The dielectric thin films are created to support the plasmonic layers to form 

3D helical structures. Although the shapes of plasmonic thin films still depend on the monolayer 

orientations, the chirality does not exhibit such a dependence. Instead, the chirality is primarily 

determined by in which handedness the plasmonic thin films are helically stacked. By applying 

this strategy, two types of chiral metamaterials have been realized, helically stacked plasmonic 

layers and Swiss Roll nanostructures. 
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4.2 Helically stacked plasmonic layers 

Helix or helical-shaped structure is one common structure design for chiral metamaterials. 

Plasmonic helices and some other helically arranged nanostructures have been prepared by a 

variety of techniques,[21, 39, 40, 42] including DSG.[46, 47, 99, 136] Here, by applying helically-

stacking strategy, we fabricate a helical-shaped nanostructure—helically stacked plasmonic layers 

(HSPLs). The morphology simulations in Section 2.4 have demonstrated that an oblique angle 

deposition on nanosphere monolayers produces patchy films with various shapes depending on the 

monolayer orientations with respect to the vapor flux. The deposited thin film nanostructures are 

mainly distributed on one side of the nanospheres facing the incident vapor. These asymmetric 

thin films can be stacked in left-handed (LH) or right-handed (RH) helical fashions. HSPLs are 

different from other reported structures having helically arranged plasmonic layers,[34, 35] 

because HSPLs form true, continuous, nanoscale helices. They are also distinct from the traditional 

helices made by DSG.[46, 47, 99] The helix pitch and helix diameter are decoupled from each 

other and from material constraints, which can be significant in the case of noble metals. 

 

4.2.1 Helically stacked plasmonic layers: fabrication 

The fabrication process of HSPLs starts with preparation of SACMs on both Si and glass 

substrates. Three different substrate types were prepared that contain different sphere diameters d 

= 200, 350, and 500 nm, and were loaded on a substrate holder in a custom-designed vacuum 

deposition system (Pascal Technology). Before deposition, the chamber was evacuated to a base 

pressure of 1×10-6 Torr, and the background pressure during depositions was maintained at less 

than 5×10-6 Torr. Ag (99.999%, Kurt J. Lesker) and SiO2 (99.99%, International Advanced 

Materials) source materials were used for depositions. During the deposition process, Ag and SiO2 
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Figure 4.2.1. Schematics of deposition processes and expected structures for LH- and RH-

HSPLs. The process includes 7 deposition steps: ○1 Ag, ○2 SiO2, ○3 Ag, ○4 SiO2, ○5 Ag, ○6 SiO2, and 

○7 Ag. The direction of each deposition is indicated by the white (Ag) or blue (SiO2) arrow. Top-

view figures of LH- and RH-HSPLs at each step are shown at the left and right edges. 3D 

schematics of the expected structures are shown at the bottom. 
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vapors were deposited onto the monolayers alternatingly at a polar angle, θ = 80°, with respect to 

the substrate normal, following the procedure shown in Figure 4.2.1. Specifically, if we define Δφ 

as the relative change in azimuthal orientation of the substrates with respect to the previous step, 

and denote “+” and “−” for CCW and CW rotations, respectively, then the sequence of depositions 

for the RH-HSPLs (LH-HSPLs) can be described by: ○1 Ag: Δφ = 0°, ○2 SiO2: Δφ = 180°, ○3 Ag: 

Δφ = −90° (+90°), ○4 SiO2: Δφ = 180°, ○5 Ag: Δφ = −90° (+90°), ○6 SiO2: Δφ = 180°, and ○7 Ag: Δφ 

= −90° (+90°), where each Ag or SiO2 layer has a QCM thickness of 30 nm. The deposition rate 

for both Ag and SiO2 is maintained at 0.05 nm/s throughout the depositions. This deposition 

formula produces four Ag layers that are all connected to form a one-turn 3D helix, and the three 

SiO2 layers act to support the Ag layers and fill the space surrounding the helix.  

 

4.2.2 Helically stacked plasmonic layers: morphology 

HSPLs obtained through the process are observed to have polycrystalline domains of nanospheres. 

Figure 4.2.2a shows a representative top-view SEM image of LH-HSPLs on d = 500 nm 

monolayer. Four distinct domains, Domains #1–4, can be clearly identified, and their higher 

magnification SEM images are shown in Figures 4.2.2b-4.4.2e, respectively. Figures 4.2.2f-

4.4.2g show the SEM images of Domain #4 in different fabrication steps, which demonstrates that 

the obtained HSPLs consist of four connected Ag layers as expected. In order to clearly distinguish 

different domains, we can designate each domain using the azimuthal angle, φ, of the first Ag 

deposition, as shown at the top of Figure 4.2.1. There is some degeneracy in this initial φ angle 

due to the symmetry of the HCP lattice, where φ can be expressed as φ = φ0 + n·60°, for 0° ≤ φ0 < 

60° and an integer, n. Similar to the definition of monolayer orientations in Chapter 3, φ0 is used 

to define each domain. Given the direction of first Ag deposition as indicated by the arrow at the 
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Figure 4.2.2. (a) Top-view SEM images of LH-HSPLs on d = 500 nm nanosphere monolayers. 

(b)-(d) Higher magnification images for Domains #1–4, respectively. (f)-(h) SEM images of 

Domain #4 at different fabrication steps. Insets are the morphologies obtained by simulations. 

The order and directions of depositions are shown at the top. The scale bar represents 10 μm in 

(a), and represents 1 μm in (b)-(h). 

 

top of Figure 4.2.2, Domains #1–4 have φ0 = 9°, 18°, 0°, and 30°, respectively. The morphology 

simulations in Section 2.4 have demonstrated that the morphology of a single Ag or SiO2 layer 

strongly depends on φ0. However, these SEM images reveal a consistent rectangular-like shape 

for the material patches on different monolayer domains, which is also confirmed by the 

morphology simulations shown in the corresponding insets in Figure 4.2.2 and a systematic 

morphology simulation shown in Figure 4.2.3. These rectangular-like shapes have different 



 

88 

orientations but almost the same dimensions across the different domains. The dimensions of the 

individual patches are characterized by the lengths, l1, and widths, l2, which are defined in Figure 

4.2.2e. The measured l1 and l2 values for HSPLs on nanospheres of different diameters are listed 

in Table 4.2.1. The aspect ratio, l2/l1, for different bead sizes is almost a constant, as expected  

 

 

Figure 4.2.3. First four columns: the simulated morphology of single layers on nanospheres in 

four deposition directions on domains with φ0 = 0°, 10°, 20°, 30°, 40°, and 50°, respectively. The 

last column: the simulated morphology of the stacked layers. The arrows at the top indicate the 

deposition directions. 
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Table 4.2.1. Geometric parameters of HSPLs on nanospheres with different diameter, d 

 d = 200 nm d = 350 nm d = 500 nm 

l1 (nm) 200 ± 10 330 ± 10 460 ± 10 

l2 (nm) 160 ± 10 240 ± 10 340 ± 20 

Aspect Ratio, l2/l1 0.80 ± 0.06 0.73 ± 0.04 0.74 ± 0.05 

 

from the morphology simulations.  A statistical study was performed on the domain area 

distribution, as shown in Figure 4.2.4. Domains areas were found to be mostly distributed between 

0 and 120 µm2. The distribution of domain area versus φ0 was also found to be uniform, indicating  

that there is no preferred orientation for the polycrystalline domains. Therefore, although 

individual HSPLs have consistent anisotropic structures within each domain, the mixture of HSPL 

domains is isotropic on the macroscale. 

 

 
 

Figure 4.2.4. (a) Domain area distributions of d = 200, 350, and 500 nm monolayers. (b) 

Distribution of domain area versus φ0. 
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Figure 4.2.5. TEM images of RH-HSPLs on (a) 200nm, and (b) 500nm nanospheres. White and 

blue dashed lines are artificially added to outline Ag and SiO2 layers, respectively. Insets are 3D 

schematics of RH-HSPLs expected from the deposition sequence. 

 

The cross-section of HSPLs is revealed by TEM. Figure 4.2.5 shows the TEM images of 

RH-HSPLs on d = 200 and 500 nm nanospheres. Note that Ag appears much darker than SiO2 in 

TEM images due to a larger scattering cross-section, and that the white and blue dashed lines are 

artificially added to better illustrate the stacked layers, where white lines represent Ag and blue 

lines represent SiO2. The thickness of each Ag or SiO2 layer is estimated to be about 30 nm for 

both samples. The insets show the corresponding 3D schematics of RH-HSPLs. The similarity 

between TEM images and 3D schematics demonstrate that the desired HSPLs have been achieved.   

 

4.2.3 Helically stacked plasmonic layers: optical property 

The optical properties of HSPLs are studied using both unpolarized transmittance spectroscopy 

and Mueller matrix transmittance spectroscopy. As shown in Figure 4.2.6, the unpolarized 

transmittance spectra of HSPLs strongly depend on d, but not on handedness. For d = 200 nm, a 

broad transmittance dip appears around wavelength λ = 520 nm, corresponding to the LSPR of Ag 
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Figure 4.2.6. (a) Unpolarized transmittance spectra, (b) transmittance difference between RCP 

and LCP light, and (c) g-factor spectra, of LH- and RH-HSPLs on d = 200 nm, 350 nm, and 500 

nm monolayers. The inset in (a) is an extended wavelength range transmittance spectrum for d = 

500 nm. Note that “PS” and the arrows in (a) mark the wavelength locations of the photonic 

band gap and the Ag LSPR, respectively. 

 

layers.  This transmittance dip becomes broader and redshifts to λ = 750 and 1000 nm as d increases 

to 350 and 500 nm, respectively. These transmittance dips are marked with an arrow in Figure 

4.2.6a. This observation is consistent with plasmonics theory: the LSPR wavelength should 

redshift with an increase in d since d is proportional to the size of HSPLs.[137] For HSPLs on d = 

350 nm and 500 nm monolayers, transmittance dips at λ = 470 nm and 600 nm correspond to the 
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photonic band gap of the periodic monolayer structures,[138, 139] which also appear in the 

transmittance spectra of bare monolayers.  These are labeled with “PS” in Figure 4.2.6a. In order 

to characterize the chiral optical properties of HSPLs, the transmittance difference between RCP 

and LCP light, ΔT = T(RCP) – T(LCP), are obtained by measuring the Mueller matrix element m14 

and are shown in Figure 4.2.6b. It should be noted that the linear birefringence and linear 

dichroism may not be negligible for each domain due to the anisotropic morphology. However, 

thousands of domains with randomly distributed φ0 are illuminated by a 4 mm diameter beam 

during the optical measurement, which will eliminate linear effects from the measurement. As 

expected, the LH- and RH-HSPLs exhibit opposite CD response in the wavelength range λ = 370–

1000 nm. For LH-HSPLs on d = 200 nm monolayers, ΔT has a broad negative peak in wavelength 

range λ = 550–900 nm, indicating larger transmittance of LCP light than RCP light. It reaches the 

maximum magnitude |ΔT| = 0.056 around λ = 700 nm, and becomes positive above 900 nm, 

indicating larger transmittance of RCP light than LCP light. The CD response is reversed for RH-

HSPLs on d = 200 nm monolayers. As d increases to 350 nm and 500 nm, the magnitude of the 

ΔT peak remains almost the same, but the wavelength of ΔT peak redshifts to λ = 900 nm and 

above λ = 1000 nm, respectively, due to the redshift of the LSPR. The dissymmetry factor g of the 

HSPLs is also estimated as shown in Figure 4.2.6c, which is defined as g = ΔA/A, where ΔA is the 

differential extinction between RCP and LCP light, and A is the unpolarized extinction of only the 

HSPLs. Here we assume that A = Atotal - APS for simplicity, where Atotal and APS are the unpolarized 

extinction of the total structures and the bare PS monolayers, respectively. The g factor has the 

same feature as ΔT, but with the opposite sign for each samples. The magnitude of g can reach 

higher than 0.15 around the peak, which is comparable with those of recent studies.[47, 119]  
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4.2.4 Helically stacked plasmonic layers: FDTD simulation 

FDTD simulations were performed to verify the chiral optical response of the HSPLs (see Section 

2.7 for the details of FDTD simulations). Since the morphology of HSPLs depends on the 

orientation of domains, we first investigate the chiral optical properties of HSPLs in different 

domains. The LH-HSPLs on d = 200 nm monolayers in 12 domains with φ0 = 0°–55°, in increments 

of 5°, are selected for FDTD simulation. The geometric models in FDTD simulations are created 

by based on the morphology simulations. For simplicity, we assumed that each Ag or SiO2 layer 

is uniform with thickness t = 30 nm. Each domain is assumed to be infinitely large and contribute 

to the bulk optical response equally. Figure 4.2.7a shows the geometric models of LH-HSPLs on 

d = 200 nm monolayers with φ0 = 0°, 15°, and 30°, respectively. The circular transmittances of 

different domains are calculated under normal incidence of light. Figure 4.2.7b shows the ΔT 

 

 
Figure 4.2.7. (a) Schematics of geometric models used in FDTD simulations. The yellow 

rectangle in first three figures illustrates a unit cell of the HSPL arrays. (b) The simulated ΔT 

spectra of HSPL domains with φ0 = 0°, 15°, 30° and 45°. (c) The averaged simulated ΔT 

spectrum versus the measured ΔT spectrum. 
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spectra of LH-HSPLs with φ0 = 0°, 15°, 30°, and 45°. The spectra vary with φ0, but are very similar 

in trend. Most of them exhibit negative features over wavelengths λ = 550 – 900 nm and become 

positive above λ = 900 nm. The variation in the simulated ΔT among different domains is caused 

by their structural differences, which lead to slightly different LSPR wavelengths. The similar 

trend in the simulated ΔT originates from their similarity in helical-shape and handedness. An 

average ΔT spectrum over 12 different domains is plotted in comparison with the experimentally 

measured ΔT spectrum in Figure 4.2.7c. The simulated spectrum agrees with the measured 

spectrum qualitatively. In addition, we also investigate the chiral optical properties of HSPLs on 

monolayers with different d. FDTD simulations are performed with LH-HSPLs on d = 200, 350, 

and 500 nm monolayers, with φ0 fixed at 0°. The calculated T(LCP), T(RCP) and ΔT for φ0 = 0° 

are shown in Figures 4.2.8a and 4.2.8b, respectively. An intense plasmon resonance is observed 

in the transmittance spectrum, T(RCP), of each HSPLs structure, and occurs at λ = 815, 1035, and 

1355 nm for d = 200, 350, and 500 nm, respectively. The near-field FDTD simulations at these 

wavelengths on the corresponding HSPLs reveal that these resonances have identical current 

distributions, as illustrated in Figure 4.2.8c. This resonance, labeled as “R” in Figures 4.2.8a, is 

found to result in a negative peak “A” in the ΔT spectrum (Figures 4.2.8b) for each structure. The 

resonance “R” redshifts with increasing d, which leads to a redshift of the peak “A”. Another 

pronounced spectral feature is an intense transmittance peak in the T(LCP) spectrum, labeled as 

“L” in Figure 6a, which results in another negative peak, “B”, in the ΔT spectrum (Figures 4.2.8b). 

The peak “L” also redshifts with increasing d, occurring at λ = 610, 685, and 850 nm for d = 200, 

350, and 500 nm, respectively. As a result, the peak “B” redshifts in ΔT spectra. The FDTD 

simulation results confirm that the redshift of the spectral features in the simulated and 

experimental ΔT spectra with d results from the redshift of LSPR. 
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Figure 4.2.8. (a) The simulated circular polarized transmittance spectra, and (b) the simulated 

ΔT spectra of LH-HSPLs on d = 200, 350, and 500 nm beads, with φ0 = 0°. (c) The near-field 

current distribution at the wavelength corresponding with “R”. An illustration of current flow is 

shown in the middle, and the current density distributions on Ag layers exported from XFDTD 

software are shown on left and right sides. 

 

4.2.5 Helically stacked plasmonic layers: conclusion and future work 

In conclusion, large-area 3D chiral plasmonic nanostructures, HSPLs, have been fabricated by a 

series of Ag and SiO2 depositions on the nanosphere monolayers. Ag and SiO2 layers are helically 

stacked to form LH- and RH-HSPLs, which is realized by the azimuthal rotation of substrates 
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between depositions. In visible to near-IR region, HSPLs exhibit localized surface plasmon 

resonances and strong chiral optical responses. The most important feature of HSPLs is the great 

tunability of chiral optical spectra. By increasing the nanosphere diameter, the HSPL structure can 

be scaled up and the spectral features of the chiral optical response redshifts from visible to near-

IR region without a significant change in magnitude. Another important feature of HSPLs is the 

capability for large-scale fabrication, even on polycrystalline monolayers. HSPLs may have 

different morphologies in different domains, but share very similar chiral optical response due to 

the same chirality. This minor limitation can be overcome by a swing rotation of the substrate 

during depositions. In each deposition, the substrate will not be static, and instead will be rotated 

back and forth with an angular magnitude of 90°, which leads to a crescent-shaped nanostructure 

on each nanosphere, as shown in Figure 4.2.9a. With the other fabrication conditions unchanged, 

the resulted HSPLs will have a circular shape, which does not vary with the monolayer orientations 

as shown in Figure 4.2.9b. However, the circular HSPLs show weaker CD response than the 

rectangular HSPLs, as shown in Figure 4.2.9c. With the same QCM thickness, the swing rotation 

may decrease the actual thickness of each layer by increasing the deposition area. The reduced 

 

Figure 4.2.9. (a)The top-view SEM image of a single Ag layer made by DSG with a swing 

rotation of the substrate.(b) The top-view SEM image of the obtained HSPLs prepared by DSG 

with a swing rotation of the substrate. (c) The ΔT spectra of LH-HSPLs on d = 200, 350, and 500 

nm nanospheres, prepared by DSG with a swing rotation of the substrate. 
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thickness probably leads to weaker CD response. The future work will be focused on the 

optimization of the circular HSPLs. 

 

4.3 Swiss roll metamaterial 

Chiral metamaterial was first proposed as a different and easier way to achieve negative refraction 

by Pendry in 2004.[26] In this seminal publication, Swiss roll structure, which is constructed by a 

thin insulated conducting sheet helically wound around a dielectric mandrel was introduced and 

served as the model structure for theoretical analysis due to its ideal chirality.[140, 141] Since then, 

the Swiss roll structure has been investigated as a chiral metamaterial in radio frequency (RF) 

region.[27, 28] For example, the Swiss roll structure in millimeter scale exhibits strong magnetic 

response, which has been utilized to realize RF flux guiding.[142, 143]  Furthermore, the effective 

permeability of the Swiss roll structure has been demonstrated to be strongly negative at resonant 

frequency.[144] The negative permeability enables the Swiss roll structure to work as a super lens 

to realize the sub-wavelength imaging in RF region.[145] Finally, in experimental support of 

Pendry’s theoretical insight, the negative refraction of Swiss roll structures has been realized in 

RF region.[146] In order to achieve the Swiss roll metamaterials in the highly important optical 

frequency region, the dimension of the Swiss roll structure has to be reduced to be in nanometer 

scale, which is a great challenge for fabrication. The most common method to fabricate rolled-up 

nanostructures relies on strain-induced self-rolling technique.[147, 148] In this technique, thin 

films are deposited on a sacrificial layer first, which is then removed, causing the thin films to 

minimize the strain energy. The thin films will bend into a curved structure if the strain gradient 

is large.[147, 148] So far, only one group reported the fabrication of Swiss roll microstructure with 

optical and near-IR response using this technique.[149-151] This Swiss roll microstructure was 
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demonstrated to have a tunable plasma frequency and could be potentially applied for sub-

wavelength imaging.[149, 150] By drilling holes on this Swiss roll structure, three-dimensional 

fishnet structure was created to realize negative refraction in near-IR region.[151] While these 

results are impressive, additional fabrication techniques are needed to further investigate the 

potential of this remarkable structure. Here we apply the DSG based helically-stacking strategy 

for the fabrication of Swiss roll nanostructures. 

 

4.3.1 Swiss roll metamaterial: fabrication 

The fabrication procedure of Swiss roll metamaterial is illustrated in Figure 4.3.1. Two types of 

monolayers are prepared with different bead diameter d = 350 and 500 nm on pre-cleaned glass 

and Si substrates, and are loaded in a custom vacuum deposition system (Pascal Technology). 

Before deposition, the chamber is evacuated to a base pressure of 1×10-6 Torr, and the background 

pressure during depositions is maintained at less than 5×10-6 Torr. Ag (99.999%, Kurt J. Lesker) 

and SiO2 (99.99%, International Advanced Materials) are used in depositions. The vapor flux is 

incident upon the substrates at a polar angle θ and an azimuthal angle φ during depositions, as 

defined in Figure 4.3.1①. Then, SiO2 is deposited on monolayers at a deposition rate of 0.2 nm/s 

with θ = 87° and φ = ωsT, where ωs is the substrate azimuthal rotation speed, ωs = 5 rpm and T is 

time. The SiO2 deposition ends with a QCM thickness of 350 nm and 500 nm for d = 350 nm and 

d = 500 nm beads, respectively. As a result, a SiO2 frustum is formed on each bead, which acts as 

the mandrel to support Swiss roll as shown in Figure 4.3.1③. Next, Ag and SiO2 are deposited 

alternatingly at a deposition rate of 0.02 nm/s with θ = 70°. During each deposition, the substrate 

is rotated azimuthally back and forth so that φ sweeps between φc ˗ 45° and φc + 45°, where φc is 

the central azimuthal angle of a swing rotation.[152] Each deposition ends with a QCM thickness  
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Figure 4.3.1. Schematics of the fabrication procedure of RH- and LH-conical Swiss roll 

nanostructures. The fabrication includes 10 steps: ① preparation of substrates, ② preparation 

of colloidal monolayers, and depositions of ③ SiO2 frustum, ④, ⑥R, ⑥L, ⑧R, ⑧L, ⑩R, ⑩L 

Ag side-coatings, and ⑤, ⑦R, ⑦L, ⑨R, ⑨L SiO2 side-coatings. The black and blue arcs with 

arrows indicate how the vapor direction rotates with respect to the substrate. 

 

of 40 nm and results in a thin film mainly side-coated on half of the frustum. By controlling φc for 

each deposition, Ag films can be helically stacked and wrapped around the SiO2 mandrel with 

SiO2 film as the insulated layer, in both right handed (RH) or left handed (LH) fashions, as shown 

in ④-⑩R and ④-⑩L of Figure 4.3.1, respectively. Each deposition can be described by its 

material and φc as ④ Ag, φc =  0°; ⑤ SiO2, φc = 180°; ⑥R Ag, φc =  90°; ⑥L Ag, φc =  -90°; ⑦R 

SiO2, φc =  -90°; ⑦L SiO2, φc =  90°; ⑧R and ⑧L Ag, φc =  180°; ⑨R and ⑨L SiO2, φc =  0°; 

⑩R Ag, φc =  -90°; ⑩L Ag, φc =  90°. Finally, Ag films are all connected forming a one-turn 

conical Swiss roll structure.  The Ag and SiO2 depositions can be continued to fabricate Swiss roll 

nanostructures with more turns. The fabrication of Swiss roll structures employs the helically-

stacking strategy, which is similar to that of HSPLs. The main difference in fabrication between  
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Figure 4.3.2. (a) A swing deposition of Ag on an array of SiO2 frustums on monolayers. (b) Top-

view and (c) tilted-view image of the simulated thickness distribution on the SiO2 frustum and the 

bead. 

 

Swiss roll and HSPL is the deposition template. The Swiss roll requires a SiO2 frustum on 

nanosphere, while HSPL does not. Section 4.2.5 describes a way to overcome the effect of 

monolayer orientations for HSPLs by a swing rotation of substrates during depositions, which is 

also applied in the fabrication of Swiss roll structures. A morphology simulation has been 

performed to simulate the thin film distribution on the SiO2 frustum in one swing deposition, as 

shown in Figure 4.3.2. The simulation results confirm that the thin film is mainly coated on half 

of the SiO2 frustum and has a rounded edge, which will minimize the effect of the monolayer 

orientations. 

 

4.3.2 Swiss roll metamaterial: morphology 
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The morphology of Swiss roll nanostructures has been investigated. The SEM and TEM images 

of Swiss roll nanostructures on d = 500 nm monolayers at different fabrication steps are shown in 

Figure 4.3.3. Figures 4.3.3a and 4.3.3b show the top and cross-section SEM images of Swiss roll 

nanostructures at fabrication step ③, respectively, which confirms the formation of SiO2 frustums. 

The SiO2 frustums have the top diameter dT, the bottom diameter dB, and the height hF. The side 

and top surfaces of SiO2 frustum are rough due to the nature of DSG. The surface roughness can 

be minimized by create the frustum using other techniques, such as reactive-ion etching.[153] The 

top and cross-section SEM images of Swiss roll structures with only one Ag layer at fabrication 

step ④ are shown in Figures 4.3.3c and 4.3.3d, respectively. As expected, half of the SiO2 frustum 

and part of beads is coated by Ag films, which have rounded edges. The height of Ag layer is hlayer. 

The surface of Ag films is also not smooth, which originates from the rough surface of SiO2 

frustum. Figures 4.3.3e and 4.3.3f show the top and cross-section SEM images of Swiss roll 

nanostructures at fabrication step ⑩L. The obtained Swiss roll nanostructures have a cylinder 

shape with diameter dSR and height hSR. In the top-view image, the Swiss roll nanostructure has a 

circular shape, which indicates no significant change in morphology across different monolayer 

domains, which benefits from the azimuthal swing of substrates during depositions. All the 

structural parameters d, dT, dB, hF, hlayer, dSR, and hSR are listed in Table 4.3.1. Obviously, a larger 

bead diameter d leads to larger Swiss roll diameter dSR, which indicates the diameter of Swiss roll 

can be easily tuned by adjusting the size of beads. The insets in Figures 4.3.3b, 4.3.3d, and 4.3.3f 

show the schematics of the corresponding structures. After each layer is deposited, the structure 

grows taller, which leads to a small vertical upward displacement of the next layer due to 

shadowing effect. Therefore, Ag and SiO2 layers are stacked helically on the side of the SiO2 

frustum to form the chiral conical Swiss roll nanostructures as illustrated in Figure 4.3.3g. Figure 
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Figure 4.3.3. (a) Top-view and (b) cross-sectional SEM images of SiO2 frustums on colloidal 

monolayers, corresponding to the structure at step ③. (c) Top-view and (d) cross-sectional SEM 

images of one Ag layer on each SiO2 frustum, corresponding to the structure at step ④. (e) Top-

view and (f) cross-sectional SEM images of LH-Swiss roll nanostructures, corresponding to the 

structure at step ⑩L. (g) TEM images of LH-Swiss roll nanostructures, corresponding to the 

structure at steps ④ and ⑩L. (h) Schematic of a Swiss roll structure. The scale bar in each 

SEM image represents 500 nm. The insets in (b), (d), and (f) show the schematics of the 

corresponding structures. 
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Table 4.3.1. Structural parameters of Swiss roll nanostructures  

Bead 

diameter 

d (nm) 

Frustum 

top 

diameter  

DT (nm) 

Frustum 

bottom 

diameter 

DB (nm) 

Frustum 

height hF 

(nm) 

One Ag 

layer 

height 

hlayer (nm) 

Swiss roll 

diameter 

DSR (nm) 

Swiss roll 

height 

hSR (nm) 

350 170 ± 10  300 ± 20 180 ± 20 150 ± 20 261 ± 8 280 ± 20 

500 290 ± 20 430 ± 30 300 ± 30 250 ± 20 390 ± 10 400 ± 30 

 

4.3.3h shows the TEM images of Swiss roll nanostructure at fabrication step ④ and ⑩L, which 

clearly confirm that the desired Swiss roll structures are created.  

 

4.3.3 Swiss roll metamaterial: optical property 

The optical properties of Swiss roll nanostructures are characterized by both unpolarized 

transmittance spectroscopy at normal incidence of light. The dashed lines in Figures 4.3.4a and  

4.3.4b show the unpolarized transmittance spectra T of both RH- and LH-Swiss roll nanostructures 

on d = 350 and 500 nm beads, respectively. No significant difference in unpolarized transmittance 

between LH- and RH-Swiss roll nanostructures is observed, which is expected from their structural 

similarity but not the chirality. A broad transmittance valley appears in each spectrum around λ = 

800 nm for d = 350 nm and around λ = 1200 nm for d = 500 nm, respectively, as labeled by the 

blue arrows in Figure 4.3.4. This transmittance valley corresponds to the effective excitation of 

localized surface plasmon resonance (LSPR) of Ag films. As dPS increases, the lateral size of Ag 

films increases, leading to a redshift of LSPR wavelength, which agrees with the LSPR theory.  

Due to the geometric chirality, the Swiss roll nanostructures are expected to exhibit CD 

response. In order to characterize the CD response of Swiss roll nanostructures, the transmittance 

difference between RCP and LCP light, ΔT = T(RCP) − T(LCP), are measured by a spectroscopic  
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Figure 4.3.4. Circularly polarized differential transmittance spectra ΔT (solid lines) and 

unpolarized transmittance spectra T (dashed lines) of Swiss roll nanostructures on (a) d = 350 

nm beads, and (b) d = 500 nm beads. 

 

ellipsometer (M-2000, J. A. Woollam, Inc., λ = 370−1000 nm) and UV-vis-IR double beam 

spectrophotometer (JASCO V-570, λ = 1100−2000 nm) equipped with a Glan Thompson polarizer 

(Thorlabs Inc.) and an achromatic quarter wave plate (Thorlabs, Inc).  The solid curves in Figures 

4.3.4a and 4.3.4b show the measured ΔT spectra. As expected, the CD response of LH- and RH-

Swiss roll nanostructures exhibit good symmetry. For LH-Swiss roll on d = 350 nm beads, ΔT has 

a broad negative peak in wavelength range λ = 370−940 nm with a peak magnitude of 5% around 
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λ = 660 nm, and becomes positive in wavelength range λ = 940−2000 nm with a maximum 

magnitude of 10% around λ = 2000 nm. The CD response is reversed for RH-Swiss roll on d = 

350 nm beads. As d increases to 500 nm, the ΔT spectra redshift with a reduced magnitude. For 

Swiss rolls on d = 500 nm beads, ΔT has a broad peak in wavelength range λ = 370−1400 nm with 

a peak magnitude of 3.5% around λ = 860 nm, changes the sign above λ = 1400 nm, and reaches a 

magnitude of 5% at λ = 2000 nm. The redshift of ΔT spectra with increasing d is believed to 

originate from the redshift of LSPR wavelength. The strong chiral optical response of the Swiss 

roll nanostructures validates Pendry’s prediction. 

 

4.3.4 Swiss roll metamaterial: FDTD simulation 

FDTD simulations are performed to confirm the chiral optical response of the Swiss roll 

nanostructures. RH-Swiss roll on d = 350 nm and 500 nm beads are selected for simulations (see 

Section 2.7 for the details of FDTD simulations). Figure 4.3.5a shows the geometric model of the 

RH-Swiss roll on d = 350 nm beads. The geometric models have the same structural parameters 

as listed in Table 4.3.1. Each Ag or SiO2 side-coated layer is assumed to be uniform with a 

constant vertical thickness tlayer of 30 nm. Figures 4.3.5b and 4.3.5c show the simulated circularly 

polarized transmittance spectra for Swiss rolls on d = 350 and 500 nm beads, respectively. Two 

resonances appear in each simulated transmittance spectrum. One resonance occurs at λ = 1600 

nm, which leads to an intense negative peak in the simulated ΔT spectrum, as shown in Figure 

4.3.5d. The other resonance occurs around λ = 1000 nm, which leads to a positive peak in the 

simulated ΔT spectrum. The simulated ΔT spectrum redshifts as the bead diameter increases from 

350 nm to 500 nm. Compared with the measured ΔT spectrum, the simulated one has larger peak 

magnitude, different peak wavelength, and sharper peaks. This is because the coated films in  
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Figure 4.3.5. (a) Geometric model of RH-Swiss roll on d = 350 nm beads. The yellow box 

illustrates one unit cell of Swiss roll arrays, with absorbing boundary condition for top and 

bottom sides, and periodic boundary condition for other sides. The simulated T(LCP) and 

T(RCP) spectra for Swiss roll nanostructures on (b) d = 350 nm, and (c) d = 500 nm beads. (d) 

ΔT spectra for Swiss roll nanostructures on d = 350 and d = 500 nm beads. 

 

FDTD simulations are simply assumed to be smooth and uniform, while the actual films have 

rough surface and non-uniform thickness distribution. However, the FDTD simulation still 

successfully reproduces the main experimental feature of Swiss roll nanostructure’s CD response.  

 

4.3.5 Swiss roll metamaterial: conclusion 

In conclusion, the helically-stacking strategy based on DSG has been applied to fabricate large-

scale chiral Swiss roll nanostructures. Ag films are helically stacked on a SiO2 frustum with SiO2 

films as insulated layers forming a chiral conical Swiss roll nanostructure. The diameter of the 

Swiss rolls can be easily controlled by adjusting the bead diameter. The morphology of the Swiss 

rolls does not strongly depend on the orientations of monolayer domains, which leads to a very 
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uniform array of the Swiss roll structures. The fabricated conical Swiss roll nanostructures exhibit 

strong chirality as predicted by Pendry,[26] which is characterized by CD spectroscopy. By 

making the bead diameter a few hundred nanometers, broadband CD response in visible to near-

IR region is achieved. The CD spectral feature can be tuned by changing the bead diameter. As 

the bead diameter increases, the LSPR of Ag films redshifts, resulting in a redshift of CD spectrum. 

With the great advantage in scalable fabrication and tunability in structural size, this DSG based 

method can serve as a general technique to fabricate Swiss roll nanostructures for different 

applications. 

 

4.4 Conclusion 

In summary, a DSG based fabrication strategy for chiral metamaterials has been described and 

demonstrated by the success in preparing two chiral metamaterials, HSPLs and Swiss roll 

structures. This strategy relies on a series of vapor depositions alternated between metal and 

dielectric material at a large incident angle onto SACMs based templates, and the manipulation of 

the azimuthal rotation of the substrate between depositions. As a result, thin film layers of metal 

and dielectric material can be helically stacked on the SACMs, forming one metallic and one 

dielectric helical-shaped structures twisted together. The metallic helical structures interact with 

light and generate chiral optical response due to its geometric chirality, and the dielectric helical 

structures serve as support for the metallic helical structures. The fabricated chiral nanostructures 

can exhibit strong chiral optical response with great tunability, as demonstrated in Sections 4.2 

and 4.3. The size of the chiral nanostructures can be tuned by adjusting the diameter of the colloid 

beads, which leads to the spectrum shift of the chiral nanostructures. This fabrication strategy not 

only allows scalable fabrication, but also can create uniform arrays of chiral nanostructures with 
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polycrystalline monolayers. It should be noted that the morphology of structures created by oblique 

angle depositions on pre-patterned templates usually depend on the relative azimuthal orientation 

of vapors with respect to the domains, which leads to different structures on different 

domains.[118, 131, 154] The monolayer orientation effect limits the uniformity in optical response 

of chiral metamaterials prepared by DSG on polycrystalline monolayers. This effect has been 

overcome by the helically-stacking fabrication strategy for two mechanisms: first, the structures 

on different monolayer domains share the same chirality, which is determined by the substrate 

rotation between depositions; second, a swing rotation during depositions can minimize the 

difference in structural morphology among different monolayer domains. Therefore, benefited 

from this strategy, chiral metamaterials with strong, uniform, and tunable chiral optical response 

can be realized in large scale, even on polycrystalline monolayers. 
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CHAPTER 5 

 

CHIRAL METAMATERIAL BASED OPTICAL DEVICES  

 

5.1 Introduction  

Born in the exploration of negative refraction, chiral metamaterials have evolved with some novel 

functionalities, such as manipulating polarizations of light, detecting circular polarizations, 

enantiomer sensing, tunable and nonlinear chiral optical response. In Section 1.4, we have briefly 

reviewed the current status of chiral metamaterial based optical devices. Although promising 

applications have been demonstrated with chiral optical devices, their fabrication techniques keep 

them away from the industrial production due to the poor scalability. Currently, most chiral 

metamaterial based optical devices are prepared by top-down methods, such as EBL and DLW, 

which have very low throughput leading to a small area of devices (< 1 mm2). In this chapter, we 

demonstrate that our DSG based fabrication method can produce large-area chiral metamaterials 

(~ 1 cm2). Furthermore, the fabricated chiral metamaterial can be developed as an active chiral 

optical device with tunable optical response by being transferred into a flexible substrate and as a 

LSPR sensor with an enhanced sensitivity. 

  

5.2 Large-area chiral optical device   

DSG has great advantage in large-scale fabrication, and is thus suitable for optical device 

fabrication in industry. However, the nanostructures fabricated by DSG on nanosphere monolayers  
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Figure 5.2.1. (a) Schematic of the laser diffraction of the self-assembled colloidal 

monolayer. (b) The photograph of a 1 cm2 polycrystalline monolayer on a glass substrate. (c) 

Laser diffraction pattern of the polycrystalline monolayer. 

 

have a unique feature: their morphology strongly depends on the relative orientation of the 

monolayer with respect to the incident vapor flux, which leads to poor uniformity of chiral 

metamaterials fabricated on polycrystalline monolayers. A strategy by employing swing rotation 

of substrates in DSG process has been implemented to overcome such an effect (see Section 4.2.5), 

but this strategy cannot be applied for the fabrication of all chiral structures, for example, fan-

shaped nanostructures. Another way to obtain highly uniform chiral substrates is to use a large-

area monocrystalline monolayer as the deposition template for DSG, which has nanospheres 

aligned in the same orientation across the whole substrate, leading to good uniformity of the 

fabricated chiral nanostructure arrays. Therefore, preparing monocrystalline monolayers is an 

important step in developing chiral metamaterials to chiral optical devices. 

We fabricate the monocrystalline monolayers with an area of about 1 cm2, whose quality is 

examined by the laser diffraction experiment (see Figure 5.2.1a). The diffraction pattern can be 
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used to determine whether the illuminated area has a monocrystalline or polycrystalline 

monolayer. For the hexagonally packed monolayers, a diffraction pattern of six hexagonally 

arranged bright dots indicates a monocrystalline monolayer, while a diffraction pattern of many 

blur dots forming a ring indicates a polycrystalline monolayer. In addition, the diffraction pattern 

can be used to determine the monolayer orientation for the monocrystalline monolayers. If the 

diffraction patterns at two different spots appear to be in the same orientation, then they have the 

same monolayer orientation. In the laser diffraction experiment, the monolayer is illuminated 

normally by a laser beam at wavelength of 402 nm with a spot size of 1 mm. Figures 5.2.1b and  

 

 
Figure 5.2.2. (a) The photograph of a 1 cm2 monocrystalline monolayer on a glass substrate. (b) 

Laser diffraction pattern of the monocrystalline monolayer, and determination of φd. (c)-(j) 

Laser diffraction patterns of the monocrystalline monolayer, recorded every 1 mm across the 

substrate, with the measuring spot shown in (a). 
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Figure 5.2.3. ΔT spectra of Ag fan-shaped nanostructures on a 1 cm2 monocrystalline monolayer 

and patchy films on a 1 cm2 polycrystalline monolayer, measured by the spectroscopic 

microscope with a beam diameter ~ 5 mm. 

 

5.2.1c show a polycrystalline monolayer on a glass substrate and its diffraction pattern with zero-

order transmission blocked, respectively. The diffraction pattern with many blur dots, which 

almost merge to form a ring, indicates multiple small domains in different orientations within the 

illuminated area. The monocrystalline monolayer and its diffraction pattern are shown in Figures 

5.2.2a and 5.2.2b, respectively. The diffraction pattern with 6 sharp and bright dots, which form a 

hexagonal shape, indicating a single domain within the illuminated area. In order to characterize 

the orientation of diffraction patterns, an azimuthal angle φd is defined as shown in Figure 5.2.2b. 

In order to determine φd, the diffraction pattern was converted into grayscale, and the centroid 

position of each dot is calculated by only considering the brightest pixels (intensity = 255). To 

characterize the uniformity of the monocrystalline monolayer, the laser diffraction patterns are 

recorded every 1 mm across the substrate, as shown in Figures 5.2.2c−j. φd exhibits a fluctuation 

of about 2°, which indicates a good long-range ordering. 
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With such a high-quality monocrystalline monolayer, the optimized Ag fan-shaped chiral 

nanostructures (θ = 84°, φ0 = 53°, tQCM = 4×30 nm) can be realized in an area of at least 1 cm2, by 

carefully aligning the monolayer in the deposition system. Figure 5.2.3 shows the measured ΔT 

spectrum of the large-area Ag fan-shaped nanostructures on monocrystalline monolayers, as well 

as that of the patchy films on polycrystalline monolayers for comparison. It should be noted that 

the optical measurement was performed with a large beam diameter ~ 5mm. As expected, the 

obtained 1 cm2 monocrystalline sample exhibits similar CD response as that of the individual 

domain shown in Figure 3.4.2c, but with a smaller measured ΔT magnitude probably due to the 

fluctuation of φ0 and monolayer defects. Further optimization of the fabrication is still needed to 

improve the quality of the chiral substrates, such as minimizing the defects and φ0 fluctuation in 

monolayers. The successful realization of this 1 cm2 chiral substrate with Ag fan-shaped 

nanostructures makes the application as a narrow-band circular polarizer possible, which has been 

proposed with optical performance demonstrated in Section 3.4.3.  

 

5.3 Flexible chiral metamaterials 

The optical properties of metamaterials are determined by the geometry, size, arrangement, and 

material of the unit structure. If any parameters mentioned above is changed, the optical properties 

of the metamaterial will be tuned. Active metamaterials are one type of metamaterials with optical 

properties that can be controlled by applying external stimuli, including photon, mechanical 

deformation, electric field, magnetic field, heat, etc. The active control of metamaterials’ optical 

properties is very important for practical applications. Here we demonstrate that the chiral 

metamaterials fabricated by DSG on nanosphere monolayers can be developed to be an active 

optical device, with chiral optical response tuned by mechanical deformation.  
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Figure 5.3.1. (a) The process of transferring Ag chiral particles into a PDMS substrate. (b) The 

photograph of the flexible chiral metamaterial substrate. (c) Top-view, and (d) side-view SEM 

images of the flexible substrate surface where a thin layer of Au nanoparticles is coated for SEM 

imaging. The scale bar in (c) and (d) represents 1 µm. 

 

5.3.1 Flexible chiral metamaterials: fabrication and morphology 

The flexible chiral metamaterial is obtained by transferring the optimized Ag fan-shaped chiral 

nanostructures (θ = 84°, φ0 = 53°, tQCM = 4×30 nm) on nanospheres into a transparent 

polydimethylsiloxane (PDMS) substrate, which is an elastomeric polymer with low surface 

energy, excellent flexibility and elasticity. PDMS adheres to all surfaces in a conformal way, and 

can be easily integrated with non-planar structures, which serves as an excellent material for 

flexible substrates. The process of transferring chiral particles into PDMS is shown in Figure 

5.3.1a and starts with mixing the PDMS base and the curing agent (Sylgard® 184 Silicone 

Elastomer Kit, Dow Corning) by a weight ratio of 10:1. After degassing, the liquid PDMS is 

poured onto the surface of the substrate with Ag chiral nanostructure arrays. Then the substrate 

with PDMS is placed in a benchtop oven (Barnstead Int. LabLine 3510 L-C) at 60 °C for 120 min 

to allow PDMS to cure. After the substrate cools down to room temperature, the solid PDMS sheet 
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is peeled off the substrate, with chiral particles embedded on one side of the PDMS sheet.  The 

obtained flexible chiral substrate is shown in Figure 5.3.1b.  

 The top-view and side-view SEM images of the flexible substrate surface are shown in 

Figures 5.3.1c and 5.3.1d, respectively. The Ag fan-shaped nanostructures are embedded in 

PDMS, and the SEM images can only reveal the bottom side of the nanosphere arrays without Ag 

nanostructures. The surface is coated with a thin layer of Au nanoparticles for SEM imaging. 

According to the SEM images, we can identify that only part of the nanosphere is inside the PDMS.  

The top-view SEM image shows that the part of nanospheres outside the PDMS has a diameter of 

about 400 nm, which indicates that 10.4% of a nanosphere is outside the PDMS.  

 

5.3.2 Flexible chiral metamaterials: deformation modeling 

The obtained flexible chiral substrate can be stretched with the nanosphere position changed. 

However, the stretching process cannot be easily observed by a regular SEM. Here we employ a 

simple model to simulate the position change of the nanospheres when the PDMS substrate is 

stretched. We assume that PDMS is incompressible with Poisson ratio = 0.5,[155] polystyrene 

nanospheres are rigid bodies, and there is no relative movement of the nanospheres with respect 

to the surrounding PDMS. For simplicity, we only simulate two 1D stretching cases: stretching in 

x direction and y direction, respectively, where x direction is defined as the direction along one 

row of nanospheres and y direction is perpendicular to x direction, as illustrated in Figures 5.3.2a 

and 5.3.2b. 

 For the case of stretching in x direction, the PDMS slab is stretched in x direction and will 

shrink in y and z directions due to its incompressibility. The incompressibility gives  

                                           ))()(( 000000 zzyyxxzyx lllllllll  ,                                   (5.3.1) 
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Figure 5.3.2. (a) Schematic illustration of how nanospheres move when stretching in x direction: 

a nanosphere originally at (x0, y0) moves to (x, y0) due to the x direction stretching of the PDMS 

substrate, and finally move to (x, y) due to the shrinking in y direction of PDMS substrate. (b) 

Schematic illustration of how nanospheres move when stretching in y direction: a nanosphere 

originally at (x0, y0) moves to (x0, y) due to the x direction stretching of the PDMS substrate, and 

the shrinking of the PDMS substrate does not move the nanosphere due to the rigid body of 

nanospheres. 

 

where lx0, ly0, and lz0 are the original lengths of the PDMS slab before stretching, and Δlx, Δly, and 

Δlz are the length changes after stretching. Since lx0 is much greater than ly0 and lz0, we assume 

                                                                
00 z

z

y

y

l

l

l

l 



.                                                                (5.3.2) 
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Figure 5.3.3. The calculated based on the shrinking of the PDMS substrate, )1(0 yeyy  , and  

the minimum value for y, required by the rigid body of nanospheres, 22

min xDy  , as 

functions of ex. 

 

where e is the strain defined as 
0l

l
e


 . Therefore, a nanosphere with a diameter of D originally 

located at )2/3,2/( 00 DyDx  , as shown in Figure 5.3.2a, will move to a new position (x, y), 

where  

                                                                 )1(0 xexx                                                             (5.3.4) 

                                                                 )1(0 yeyy  .                                                             (5.3.5) 

However, Equation (5.3.5) is only valid only when the rigid edge of nanospheres are not taken into 

account. Considering that nanospheres are rigid bodies, there is a minimum value for y,  

                                                               22

min xDy  .                                                       (5.3.6) 

Equations (5.3.5) and (5.3.6) are plotted in Figure 5.3.3. It is found that )1(0min yeyy   when 

3.00  xe , and )1(0min yeyy   when 3.0xe . Then the final expression for y is  
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 For the case of stretching in y direction, the PDMS will shrink in x direction. However, the 

nanospheres cannot move in x direction due to their rigid bodies. Therefore a simple expression is 

obtained for the new position of a nanosphere originally located at )2/3,2/( 00 DyDx  , 

                                                                    2/0 Dxx  ,                                                           (5.3.8) 

                                                         2/)1(3)1(0 Deeyy yy  .                                      (5.3.9) 

This simulation is only based on three assumptions as described above, and neglects other physical 

processes, such as buckling of surface. A more accurate simulation may be done by using finite 

element analysis. But this simple simulation can qualitatively reflect how nanospheres change their 

positions when the flexible substrate is stretched in one dimension. The simulated position changes 

will be applied in the FDTD simulation for creating geometric models. 

 

5.3.3 Flexible chiral metamaterials: optical characterization 

The circularly polarized transmittance spectra are measured by the spectroscopic microscope, with 

the flexible substrates mounted on a stretching stage and stretched in one dimension. The 

schematic illustration and photograph of the measurement setup are shown in Figure 5.3.4. The 

laser diffraction patterns are used to align the samples with respect to x and y directions. Two 

separate flexible substrates, Sample #1 and Sample #2, are used in the optical measurements, with 

Sample #1 stretched in x direction and Sample #2 stretched in y direction. T(RCP) and T(LCP) 

spectra are measured at different stretching states with ex or ey = 0(+), 0.0625(+), 0.125(+), 0.1875, 

0.125(-), 0.0625(-), and 0(-), where (+) and (-) represent stretching and relaxing of the substrate,  
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Figure 5.3.4. (a) Schematic illustration, and (b) photograph of the stretching and optical 

measurement setup. 

 

respectively. The measured T(RCP) and T(LCP), along with the calculated T(RCP)-T(LCP), are 

shown in Figure 5.3.5. The spectra are vertically stacked to clearly show the change in spectra.  

 Samples #1 and #2 show similar spectral features at the non-stretching state, as shown by 

the red curves in Figure 5.3.5. The transmittance spectra of the flexible substrate are not exactly 

the same as those of chiral particles on glass substrates, which is caused by the refractive index 

change of the surrounding. The refractive index of PDMS is larger than air, leading to a redshift 

of the LSPR. Both Samples #1 and #2 have a resonance in T(RCP) at a wavelength λRCP ≈ 770 nm, 

and another resonance in T(LCP) at a wavelength λLCP ≈ 750 nm. Note, there are also other LSPRs, 

which will not be discussed here since these resonances show similar trends. The only significant 

difference between Sample #1 and #2 is that T(LCP) of Sample #2 has a stronger resonance at λ = 

875 nm than that of Sample #1. The difference may originate from their slightly different 

monolayer orientations during the fabrication process, which cause small variations in optical 

response. As the strain ex or ey increases (stretching), Samples #1 and #2 change the spectra 

slightly and gradually redshift the LSPR wavelength. As the strain ex or ey decreases (relaxing), 

Samples #1 and #2 shift the LSPR wavelength to shorter wavelength. The resonance wavelength  
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Figure 5.3.5. Circularly polarized transmittance and differential transmittance spectra of the 

flexible substrates with stretching in x and y directions. T(RCP) spectra with stretching in (a) x 

and (b) y directions.  T(LCP) spectra with stretching in (c) x and (d) y directions. T(RCP)-

T(LCP) spectra with stretching in (e) x and (f) y directions.   

 

shift is believed to originate from the change in LSPR coupling of adjacent fan-shape 

nanostructures. The LSPR wavelength λRCP and λLCP are plotted against the strain in Figures 

5.3.6a and 5.3.6b, respectively. It is found that the LSPR wavelengths at the same strain of 

stretching (+) and relaxing (-) are almost the same, which indicates that the deformation of PDMS 

is elastic or reversible in this range of strain. Approximately, the LSPR wavelength λRCP or λLCP  
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Figure 5.3.6. (a) λRCP,(b) λLCP, (c) λA, and (d) λB as a function of strain e with stretching in x and 

y directions.  

 

has a linear relationship with the strain e. According to a linear fitting, the slopes of the fitted line 

are 139 ± 7 nm and 218 ± 8 nm for λRCP of Samples #1 and #2, respectively, and 160 ± 10 nm and 

300 ± 10 nm for λLCP of Samples #1 and #2, respectively. This slope represents the sensitivity of 

the LSPR wavelength with respect to the change in strain. Sample #1 has a smaller sensitivity than 

Sample #2 in both T(RCP) and T(LCP). If we assume Samples #1 and #2 are identical, then we 

can attribute their different sensitivity to the different stretching directions. As it has been 
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demonstrated in Section 5.3.2, stretching in x and y direction leads to completely different 

arrangements of Ag fan-shaped nanostructures. The differently arranged nanostructures should 

have different LSPR coupling, which leads to the different sensitivity of LSPR wavelength to the 

strain change.  

 ΔT = T(RCP) – T(LCP) is expected to exhibit the same property as T(RCP) and T(LCP). 

Here we select two ΔT peaks A and B at wavelengths λA and λB, which can be clearly identified in 

Figures 5.3.5e and 5.3.5f. The negative peak around λ = 780 nm is not chosen because it seems to 

contain two overlapped peaks and its peak wavelength cannot be clearly defined for Sample #2. 

λA and λB are plotted against the strain in Figures 5.3.6c and 5.3.6d, respectively. For λA, the linear 

fitting gives a sensitivity of 80 ± 2 nm for Sample #1, and 170 ± 10 nm for Sample #2. For λB, the 

linear fitting shows a sensitivity of 146 ± 8 nm for Sample #1, and 470 ± 20 nm for Sample #2. 

Therefore, the analysis of ΔT spectra also confirms that stretching in y direction shows a larger 

sensitivity than stretching in x direction, which is caused by the different coupling of the adjacent 

chiral plasmonic nanostructures. 

 

5.3.4 Flexible chiral metamaterials: FDTD simulation 

The FDTD simulations are performed to simulate the chiral optical property of the flexible 

substrate at different stretching states. Here three cases are simulated: ex = 0, ey = 0; ex = 0.125, ey 

= 0; ex = 0, ey = 0.125. The geometric models in FDTD simulations are based on the deformation 

modeling results in Section 5.3.2, and are shown in Figure 5.3.7. The simulated T(RCP), T(LCP), 

and T(RCP)-T(LCP) spectra at two states, ex = 0.125, ey = 0 and ex = 0, ey = 0.125, are shown in 

Figure 5.3.8 along with the corresponding measured spectra for comparison. The FDTD 

simulations successfully reproduce the main features in the measured spectra. However, the  
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Figure 5.3.7. The geometric models of Ag fan-shaped nanostructures embedded in PDMS used 

in FDTD simulation. (a) Top-view of the flexible substrate with ex = 0 and ey =0. (b) Side-view of 

the flexible substrate. Top-view of the flexible substrate with (c) ex = 0.125 and ey =0, and (d) ex 

= 0 and ey =0.125. 

 

 
Figure 5.3.8. A comparison between simulated and measured T(RCP), T(LCP), and T(RCP)-

T(LCP). (a) Simulated spectra and (b) measured spectra with ex = 0.125, ey = 0. (c) Simulated 

spectra and (d) measured spectra with ex = 0, ey = 0.125. 



 

124 

 

Figure 5.3.9. The simulated (a) T(RCP), (b) T(LCP), and (c) T(RCP)-T(LCP) at three different 

stretching states: ex = 0, ey =0; ex = 0.125, ey =0; ex = 0, ey =0.125. 

 

simulation results show more resonances, some of which may not be real and come from the data 

processing. This makes it difficult to keep track of each resonance to reveal the wavelength change, 

as shown in Figure 5.3.9. Therefore, this FDTD simulation cannot confirm that the stretching 

direction affects the sensitivity of LSPR with respect to the strain change, which is probably due 

to the too simple assumptions in the simulation. The real location change of the nanospheres is 

very complicated and should include displacement in z direction of nanospheres. The dielectric 

constant of PDMS may also change at different stretching states. Both the location change and 

dielectric constant change can cause a significant difference between the simulation and 

experimental results.  

 

5.3.5 Flexible chiral metamaterials: conclusion 

In summary, we have fabricated the flexible chiral metamaterial by transferring Ag fan-shaped 

nanostructure arrays into a PDMS substrate. The chiral optical response of the flexible chiral 

metamaterial exhibits a dependence on the strain magnitude and direction, which is caused by the 

different plasmonic couplings of the adjacent chiral nanostructures. The measured spectrum 

redshifts with increasing strain and blueshifts with decreasing strain. The stretching direction also 
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affects how much the spectrum shifts with a certain change in strain. This study demonstrates that 

the chiral optical response of our large-area chiral metamaterial can be tuned by mechanical 

deformations, which can be potentially developed into tunable chiral optical devices. 

 

5.4 Application for bulk refractive index sensing 

The dependence of LSPR wavelength on the refractive index of the surrounding medium 

has been employed for refractive index based sensing.[65, 66, 156-158] In this section, we 

employ chiral plasmonic nanostructures for refractive index sensing and demonstrate a new 

mechanism to improve the sensitivity by detecting the circularly polarized differential 

transmittance spectra. 

 

5.4.1 Application for bulk refractive index sensing: Au Fan-shaped nanostructures 

Au fan-shaped chiral nanostructures are used for refractive index sensing in this study. The 

material is chosen to be Au instead of Ag because Ag will be oxidized in aqueous 

solution.[114] Here we select two chiral fan-shaped nanostructures for refractive index 

sensing, Structures R and L, which are essentially geometric enantiomers, and their SEM 

images are shown in Figures 5.4.1a and 5.4.1b. 

The chiral optical properties of the Au fan-shaped nanostructures are characterized 

by circularly polarized transmittance in wavelength range of λ = 600 ~ 1000 nm. Figures 

5.4.1c and 5.4.1d show the circularly polarized transmittance spectra TR(RCP) and TR(LCP) 

of Structures R, and TL(RCP) and TL(LCP) of Structure L, respectively, which are all 

measured in air. For Structure R, both TR(RCP) and TR(LCP) spectra show a transmittance 

peak around λ = 680 nm and transmittance valley around λ = 810 nm. TR(RCP) is lower  
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Figure 5.4.1 (a), (b) Representative top-view SEM images, (c),(d) Measured T(RCP) and 
T(LCP), and (e), (f) Simulated T(RCP) and T(LCP) of Structure R and L, respectively. The 

insets in (e) and (f) are the geometric models in FDTD simulations. 
 

than TR(LCP) when λ < 640 nm and becomes greater than TR(LCP) when λ > 640 nm. For 

Structure L, TL(RCP) and TL(LCP) are similar to TR(LCP) and TR(RCP) of Structure R, 

respectively. This indicates that Structures R and L show opposite chiral optical response, 

which is consistent with their opposite geometric chirality. The chiral optical property of 

Structures R and L are simulated using FDTD method. Figures 5.4.1e and 5.4.1f show the 

simulated TR(RCP), TR(LCP), TL(RCP), and TL(LCP) spectra, respectively. The insets in 

Figures 5.4.1e and 5.4.1f show the geometric models in FDTD simulations, which are 

created based on the SEM images. The simulated results are consistent with the 
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experimental results, where the transmittance peak at λ = 680 nm and transmittance dips 

around λ = 600 nm and 810 nm are well reproduced in the simulated spectra.  

 

5.4.2 Application for bulk refractive index sensing: refractive index sensing experiment 

The refractive index sensing experiments are performed by measuring circularly polarized 

transmittance spectra of Structures R and L in sucrose aqueous solutions of different 

concentrations, c(mass%) = 0%, 18%, 26%, 36%, 44%, 50%, and 55%, with corresponding 

refractive indices n = 1.333, 1.3606, 1.3741, 1.3922, 1.4078, 1.4201, and 1.4307, 

respectively.[159] These sucrose solutions are used in the order of low to high concentrations in 

the experiments. When changing solutions, the substrate is rinsed with the sucrose solution at the 

next concentration to ensure that the measurement is taken under the desired bulk refractive index. 

Figures 5.4.2a and 5.4.2b show TR(RCP) and TR(LCP) spectra, respectively. TR(RCP) exhibits 

two transmittance peaks around λ = 650 nm and λ = 750 nm, and two transmittance valleys around 

λ = 680 nm and λ = 850 nm. TR(LCP) shows a transmittance peak around λ = 680 nm and a 

transmittance valley around λ = 750 nm. TL(RCP) and TL(LCP) spectra are not shown here and 

similar to TR(LCP) and TR(RCP), respectively. The transmittance valley and peak around λ = 680 

nm are labeled as AR and CR for Structure R (AL and CL for Structure L), respectively. The 

transmittance peak and valley around λ = 750 nm are labeled as BR and DR for Structure R, (BL 

and DL for Structure L), respectively. As the refractive index of sucrose solutions n increases, 

peaks AR–DR and AL–DL shift toward longer wavelength. 

For chiral metamaterials, circular dichroism can be characterized by ΔT = T(RCP) 

– T(LCP). Figure 5.4.2c shows ΔTR spectra of Structure R in sucrose solutions of different 

c. Since Structures R and L have the opposite chiral optical response, the following 
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Figure 5.4.2. (a) TR(RCP), (b) TR(LCP), and (c) ΔTR spectra of Structure R in sucrose 
solutions at different concentrations. 

 

discussion will only focus on Structure R, and similar discussion will apply to Structure L. 

Two significant sharp peaks are observed around λ = 680 nm and λ = 750 nm in ΔTR spectra, 

which are labeled as ER and FR for Structure R (EL and FL for Structure L), respectively. ER 

(EL) is resulted from the subtraction between AR (AL) and CR (CL), while FR (FL) originates 

from the subtraction between BR (BL) and DR (DL). Since peaks AR–DR redshift with n, their 

differential spectra ΔTR exhibit the same trend. The peak wavelengths λp of peaks AR–FR 

are plotted against the refractive indices n of sucrose solutions in Figure 5.4.3. The bulk 

LSPR refractive index sensitivity S = Δλ/Δn (nm/RIU) can be extracted by a linear fit to 

these data and the obtained S for all the peaks are shown in Table 5.4.1, where RIU 
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represents refractive index unit. Around λ = 680 nm, AR has S = 220 nm/RIU, CR has S = 

110 nm/RIU, and ER has S = 210 nm/RIU. Around λ = 750 nm, BR has S = 210 nm/RIU, 

DR has S = 260 nm/RIU, and FR has S = 310 nm/RIU. It can be seen that the sensitivity of 

the transmittance valley AR (DR) is greater than that of the transmittance peak CR (BR) in 

the same wavelength range. In addition, ΔTR peak ER has a sensitivity close to that of AR, 

while ΔTR peak FR has a sensitivity greater than that of DR. Therefore, a subtraction between 

T(RCP) and T(LCP) may lead to an enhanced bulk refractive index sensitivity.  

  The enhanced sensitivity can be visualized in Figure 5.4.3. For all n values, λp(DR) 

> λp(FR) > λp(BR). λp(FR) is close to λp(BR) when n is small, and becomes closer to λp(DR) 

as n increases. This leads to that λp(FR) shifts to longer wavelength faster than λp(BR) and 

λp(DR) and thus exhibits a larger sensitivity. This phenomenon can be explained by the 

different contributions from transmittance valley BR and peak DR to the formation of ΔTR 

peak FR. This contribution from different peaks can be quantified by the integrated area of  

 

Table 5.4.1 Sensitivity, FWHM, and FOM for peaks and valleys 

Peak S (nm/RIU) FWHM (nm) FOM 

AR 220 ± 10 - - 

AL 245 ± 7 - - 

BR 210 ± 9 84 ± 1 2.5 ± 0.1 

BL 170 ± 10 92 ± 4 1.8 ± 0.1 

CR 110 ± 10 - - 

CL 190 ± 5 - - 

DR 260 ± 20 99 ± 3 2.6 ± 0.2 

DL 250 ± 10 85 ± 3 2.9 ± 0.2 

ER 210 ± 20 - - 

EL 220 ± 10 - - 

FR 310 ± 10 86 ± 2 3.6 ± 0.1 

FL 270 ± 10 89 ± 3 3.0 ± 0.2  

 



 

130 

 

Figure 5.4.3. Peak wavelength λp versus refractive index n of sucrose solutions for Structure R. 
The straight lines are linear fittings of λp. 

 

the peak in the wavelength range of ΔT peak, as illustrated by the area of BR, AB, and the 

area of DR, AD, in Figure 5.4.4. Figures 5.5.4a and 5.4.4b show the TR(RCP) and TR(LCP) 

at n = 1.333 and n = 1.4307, respectively. The two intersection points of T(RCP) and 

T(LCP) curves on both sides of BR and DR are connected by a green line, and the area above  

 

 

Figure 5.4.4. TR(RCP) and TR(LCP) spectra (a) at n = 1.333, and (b) at n = 1.4307. The green 
line is used to separate the contributions from TR(RCP) and TR(LCP) peaks to ΔTR peaks. 
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the line is AB and the area below the line is AD. At n =1.333, AD / (AB + AD) = 38.6%, which 

indicates that BR is dominant in determining λp(FR), and λp(FR)  should be close to λp(BR). 

At n = 1.4307, AD / (AB + AD) = 65.2%, which means that DR becomes dominant and λp(FR)  

should be close to λp(DR).  This mechanism can also explain why ER shows no greater 

sensitivity than AR. It can be seen that λp(AR) > λp(ER) > λp(CR) in Figure 5.4.3. The 

calculated contribution of AR to ER is AA / (AA + AC) = 64.9% for n = 1.333, and AA / (AA + 

AC) = 58.9% for n = 1.4307, which decreases slightly with increasing n. This indicates that 

ER moves to longer wavelength slower than AR, resulting in a smaller sensitivity of ER. 

Therefore, based on the discussion on the sensitivities of ER and FR, one should find that 

the enhanced sensitivity of a ΔT peak can be achieved only if the corresponding 

transmittance peak or valley in loner wavelength increases its contribution with increasing 

n.  

 

5.4.3 Application for bulk refractive index sensing: FDTD simulation  

This mechanism of the enhanced sensitivity is confirmed by FDTD simulations. By using 

the geometric model as shown in the inset of Figure 5.4.1e, TR(RCP) and TR(LCP) in media 

at different n were simulated. Figure 5.4.5a shows the simulated TR(RCP), TR(LCP), and 

ΔTR spectra with n = 1.333. The experimental peaks AR–FR are all reproduced in the 

simulation. A small transmittance valley appears around λ = 770 nm in both TR(RCP) and 

TR(LCP) simulated spectra, which is not observed in the experimental spectra, probably 

due to its weak resonance. The peak wavelength λp of the simulated peaks BR, DR, and FR 

is plotted against n in Figure 5.4.5b. The linear fitting gives the sensitivity to be S = 103 ± 

8, 228 ± 6, and 260 ± 10 nm/RIU for peaks BR, DR, and FR, respectively. The sensitivity of  
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Figure 5.4.5 (a) Simulated TR(RCP), TR(LCP) and ΔTR spectra for Structure R at n = 
1.333. (b) Peak wavelength λp of the simulated peaks BR, DR, and FR versus refractive 
index n. The straight lines are linear fittings of λp. Near-field current distribution of 
Structure R with n = 1.333 excited at (c) resonance AR (RCP, λ = 650 nm), and (d) 

resonance DR (LCP, λ = 720 nm). The arrows indicate the current oscillation directions. 
The current flows represented by the three arrows appear in sequences at different 

phases. 
 

FR is greater than that of BR or DR, which is consistent with the experimental result. For the 

simulated peaks BR, DR, and FR, AD / (AB + AD) = 59.0% at n = 1.333 and AD / (AB + AD) = 

69.4% at n = 1.4307. As n increases, the contribution from DR to FR increases, which causes 

λp(FR) to shift closer to λp(DR) and thus greater than that of BR or DR, which is consistent 

with the experimental result. For the simulated peaks BR, DR, and FR, AD / (AB + AD) = 

59.0% at n = 1.333 and AD / (AB + AD) = 69.4% at n = 1.4307. As n increases, the 

contribution from DR to FR increases, which causes λp(FR) to shift closer to λp(DR) and thus 
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results in a larger sensitivity. The near-field current distributions of Structure R at 

resonances AR and DR were simulated as shown in Figures 5.4.5c and 5.4.5d, respectively. 

The arrows in Figures 5.4.5c and 5.4.5d indicate the current oscillation directions. The 

current flows represented by the three arrows occur in sequence at different phases. The 

near-field simulations reveal different plasmon modes at resonances AR and DR, which 

results in their different LSPR sensitivities. 

  Besides sensitivity S, figure of merit (FOM) is another parameter to characterize the 

sensing ability of LSPR sensor, which determines the detection limit. There are two ways 

to calculate FOM, (1) FOM = S/FWHM, where FWHM is the full width at half maximum 

of the resonance peak, (2) FOM* = [dI/(I∙dn)]max, where dI/I is the relative intensity change 

and dn is the refractive index change.[160] Here we use the first definition to calculate 

FOM because the second definition cannot be applied for ΔT spectra, which gives FOM* 

= ∞ at where ΔT = 0. To obtain FOM, the determination of FWHM could be very subjective 

and difficult for some complicated peaks. Here we only select three peaks, BR (BL), DR 

(DL), and FR (FL) for FWHM determination. The obtained FWHM and FOM are listed in 

Table 5.4.1. The FWHM of ΔT peak FR (FL) lies between that of peaks BR (BL) and DR 

(DL). Therefore, subtraction between T(RCP) and T(LCP) does not reduce the FWHM 

significantly, but the FOM of ΔT peak FR (FL) is greater than that of BR (BL) and DR (DL), 

which is mainly caused by the increased sensitivity.  

 

5.4.4 Application for bulk refractive index sensing: conclusion 

In conclusion, Au fan-shaped chiral nanostructures have been fabricated in large area and 

showed significant CD response. The fan-shaped chiral nanostructures have been applied 



 

134 

for refractive index sensing. The circularly polarized transmittance T(RCP) and T(LCP) 

show multiple resonances with different sensitivities. It is observed that ΔT = T(RCP) – 

T(LCP) can show an enhanced sensitivity compared with T(RCP) and T(LCP). The 

mechanism of the enhanced sensitivity has been investigated. It is found that one 

transmittance peak and one transmittance valley in different circular polarizations in a 

similar wavelength range contribute to one ΔT peak. The enhanced sensitivity can be 

achieved only if the transmittance peak or valley located at longer wavelength increases its 

contribution with increasing n, which is also confirmed by FDTD simulation. Such a chiral 

structure and optical measurements can serve as a new strategy to improve the performance 

of LSPR sensors. 
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CHAPTER 6 

 

SUMMARY AND OUTLOOK 

 

In this dissertation we have demonstrated that DSG on SACMs is a promising fabrication 

technique for chiral metamaterials and chiral metamaterial based optical devices. In this fabrication 

method, the relative orientation of monolayers with respect to the incident vapor is dynamically 

controlled to engineer the shadowing profiles of nanospheres so that various chiral nanostructures 

can be produced on nanospheres. Two distinct fabrication strategies based on this method have 

been proposed and applied, including a single-layer plasmonic nanostructure with chiral shapes, 

and a multi-layer nanostructure with plasmonic and dielectric layer helically stacked. The former 

strategy creates nanostructures with tunable chiral shapes and optical response, which depend on 

the monolayer orientations. The later one produces helical nanostructures with no dependence on 

the monolayer orientations. Different 3D chiral nanostructures have been realized with these two 

strategies, such as fan-shaped nanostructure, and Swiss roll nanostructure. The chiral optical 

properties of these nanostructures have been well investigated, and also confirmed by FDTD 

numerical simulations. Particularly, fan-shaped chiral nanostructures show the strongest chiral 

optical response, which is comparable with the highest response of those fabricated by EBL. Then 

the chiral optical response of this fan-shaped nanostructure is optimized experimentally by tuning 

the fabrication conditions. 
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 The optimized fan-shape chiral nanostructures, produced on a 1 cm2 monocrystalline 

monolayer, can be potentially developed to be a chiral optical device. We have demonstrated that 

it can be used as a narrow-band circular polarizer after annealed. In addition, the fan-shaped 

nanostructure array has been transferred onto a flexible substrate to become an active chiral optical 

device, with chiral optical response tuned by mechanical deformations. The sensing ability of the 

fan-shaped nanostructure is also demonstrated, which shows an enhanced sensitivity for bulk 

refractive index sensing by measuring CD.  

 Although this DSG method has been demonstrated as a powerful fabrication technique for 

developing chiral meta-devices in the future, there is still much room for improvements. First, the 

quality of the template (monolayers) should be improved for device applications. For SACMs, the 

numbers of defects should be minimized and the area of a single monocrystalline monolayer needs 

to be increased further. Besides self-assembly, the deposition template can also be fabricated by 

other techniques to achieve a better quality, such as nanoimprint lithography. Second, the variation 

in structural shapes and surface roughness caused by the nature of DSG, need to be minimized. In 

Section 3.4.3, we have shown that annealing in vacuum is a promising and effective way, but 

further investigations are still needed. Finally, new fabrication strategies need to be developed to 

achieve chiral metamaterials with better chiral optical response or different functionalities. For 

example, metasurfaces have been prepared on substrates by the shadowing growth through 

nanosphere arrays,[161] which is a promising research direction in the future. Another promising 

fabrication strategy is to utilize co-deposition on SACMs or nano-hole arrays, in which two or 

more materials are evaporated and deposited onto templates simultaneously. The co-depositions 

can lead to double helices through nano-hole arrays, and even more complicated chiral 

nanostructures on other templates, which remains to be investigated further in the future. 
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