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ABSTRACT 

As chiral metamaterials become increasingly more technologically relevant, scalable yet 

proficient nanofabrication methods will be needed for their production.  Dynamic shadowing 

growth (DSG) takes advantage of the shadowing effect during physical vapor deposition and is a 

simple and powerful tool to produce chiral nanostructures.  This dissertation describes several 

new DSG strategies for scalable production of chiral plasmonic thin films with significant optical 

activity in the visible and near-infrared wavelength region.   

The helix is the prototypical chiral structure, yet fabrication of nanoscale helices is a 

significant technological challenge.  By using metal composite (Ti/Ag) and metal/dielectric 

composite materials (Ag/MgF2), it is demonstrated that nanoscale helices can be fabricated 

through DSG at room temperature in a scalable manner.  However, these thin films have a high 

degree of alignment, which increases the difficulty of interpreting the optical measurements.  

Thus, a generalized ellipsometry measurement scheme is introduced to extract the optical 

parameters from aligned films.  It is found that some of these DSG helical structures are among 

the most optically chiral films to date. 



It is also shown that self-assembled colloidal monolayers of nanospheres can serve as 

effective templates for the production of a wide variety of highly chiral films.  Furthermore, this 

method can be combined with chemical techniques to dynamically tune the optical response.  

These chiral films can have coatings with well-defined shapes that are analyzed using a 

continuous chirality measure.  This measure of chirality allows for the quantification of chirality, 

providing insight into the origin of optical activity in these films.   

Finally, DSG films are developed to serve as both surfaced enhanced Raman scattering 

(SERS) substrates and as molecular chirality sensors through chiral plasmonic sensing. A 

molecule’s “handedness” determines its function in the body, and introduction of the wrong-

handed molecule can have serious consequences.  Therefore, a sensor that is sensitive to 

molecular chirality is highly desirable.  In addition to their SERS response, the DSG films are 

investigated for their sensitivity to the chirality of L- and D- enantiomers of tryptophan.  

Notably, the results show that the measured optical response depends on both the handedness of 

the film and the handedness of the molecule. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Optical Activity - Discovery and Phenomena 

The discovery of the phenomena collectively referred to as optical activity can be traced back to 

experiments performed by François Arago in 1811 and Jean-Baptiste Biot in 1812.[1]  Arago 

observed that a spectrum of colored images was formed when a specific type of quartz crystal 

was placed between two crossed polarizers, and the crystal was rotated about its optical axis.  

Biot went further and established that this resulting spectrum of colors arose from optical 

rotation (i.e., an azimuthal rotation in the plane of polarization of linearly polarized light) and 

from optical rotary dispersion (i.e. the wavelength dependence of optical rotation).[2]  He also 

proposed an approximate inverse square law between the angle of optical rotation, α, and the 

wavelength of incident radiation, λ,  

α = C/λ2,      (1.1.1) 

where C is a constant specific to the optically active substance.  Notably, this marked the 

beginning of the convention where a clockwise rotation of the plane of polarization, as seen from 

observer looking into the radiation source, is taken as positive, while a counter-clockwise 

rotation is taken as negative.  As Biot continued his investigations, he observed optical rotation 

in various liquids, such as turpentine and in solutions of camphor, sugar, and tartaric acid.[3] 

Given the random orientations of molecules in these fluids,  this led to the conclusion that optical 
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activity is related to the structure of the dissolved molecules.  That is, the molecules exhibit a 

fundamental asymmetry or handedness, called chirality.  Optical activity in quartz, on the other 

hand, is ascribed to a handedness in the crystal lattice because different forms of quartz can 

exhibit positive or negative optical rotations and molten quartz has no observable optical activity. 

 The phenomena associated with optical activity raised significant challenges to the 

Newtonian particle theory of light, and it was through applying the then nascent transverse wave 

theory to optical activity that Augustin-Jean Fresnel discovered circularly polarized light in 

1824.[2]  As shown in Figure 1.1.1,[4] the electric field vector of circular polarized light, E, 

rotates in a circle within a fixed plane that is perpendicular to the direction of propagation.  For 

left circular polarization (LCP), the rotation sense is counter-clockwise when looking into the 

beam, and for right circular polarization (RCP) the rotation sense is clockwise.   For a given time 

slice, the tips of the electric field vectors in circular polarized light trace out a helix whose 

handedness  corresponds with definitions give  above, i.e.,  left circular polarization  corresponds 

Figure 1.1.1 Schematic showing the behavior of the electric field vector of circular polarized 
light.  Ref.[4]  
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with a left-handed helix.  Fresnel’s important insight is that both the linear and circular bases are 

equally valid descriptions of an electromagnetic wave and that these bases are interchangeable.  

Circular polarized light can be described by a superposition of coherent orthogonal linear 

polarized light beams of equal amplitude, while linear polarized light can be regarded as a 

superposition of coherent LCP and RCP light beams.  Fresnel proposed that optical rotation of 

linearly polarized light was the result of different propagation velocities for left and right circular 

polarized lights in optically active material.  Specifically, if the electric field vector of a linearly 

polarized beam of light at the surface of an optically active material (z = 0) is assumed to be 

parallel with the electric field vectors of the left and right circular components at a particular 

time, then at the same time at some point z = l within the medium, the electric field vectors of the 

left and right circular components have respectively rotated by angles θLCP = -2πcl / λvLCP and 

θRCP = -2πcl / λvRCP, where c and λ are the speed and wavelength of light in vacuum, 

Figure 1.1.2 (a) The electric field vector of linearly polarized light decomposed into circular 
components. (b) The rotated electric field vector at some further point in an optically active 

medium.  The propagation direction is out of the page. Ref.[5]  
 

(a) (b) 
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respectively, and vLCP and vRCP are the medium’s specific velocities for LCP and RCP light 

(Figure 1.1.2).[5]  Thus, the optical rotation angle is given by 

 α = ½ (θLCP + θRCP) = (πcl / λ) (vLCP
-1 - vRCP

-1). (1.1.2) 

Defining the refractive indices for left and right circular polarization as nLCP = c / vLCP and nRCP = 

c / vRCP, respectively, provides the following relation for the angle of rotation in radians per unit 

length 

 α = (π / λ) (nLCP - nRCP). (1.1.3) 

Thus, α is determined by the medium’s circular birefringence, which is the difference in the 

refractive indices experienced by LCP and RCP light. 

 All real materials exhibit both refraction and absorption, and these effects are related by 

the Kramers-Kronig relation.  A Kramers–Kronig relation is a bidirectional mathematical 

relation that connects the real and imaginary parts of a complex function, as long as the function 

is analytic in the upper plane.  For such a function, the real and imaginary parts are not 

independent, and the knowledge of one part allows for the determination of the full function.  

Specifically, for some function, χ(ω) = χ1(ω) + i χ2(ω), if ω is a complex variable and χ1(ω) and 

χ2(ω) are both real, then the Kramers-Kronig relation is given by 

     χ1(ω) =
1
!
𝒫 χ2(ω!)

ω!!ω
!
!! dω′     (1.1.4) 

and 

     χ2(ω) = − 1
!
𝒫 χ1(ω!)

ω!!ω
!
!! dω′     (1.1.5) 

where 𝒫 is the Cauchy principal value and χ(ω) is assumed to be analytic in the upper half of the 

plane and goes to zero faster than 1/|ω| as ω → ∞.  Thus, an optically active material will not 

only be circularly birefringent, but will also absorb LCP and RCP to different degrees, as 

described by the Kramers-Kronig relation.  This difference in absorption between the two 
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circular polarizations is called circular dichroism (CD).  CD values are often expressed in values 

of ellipticity, ψ.  The use of ellipticity in describing CD is related to the observation that linear 

polarized light becomes elliptically polarized upon transmission through or reflection from an 

optically active material, which is due to the LCP and RCP components being absorbed 

differently.  Ellipticity is given by the ratio of the minor and major axes of the polarization 

ellipse. Since elliptically polarized light can be decomposed into circular components, ellipticity 

is related to the LCP and RCP field amplitudes, 

 tan ψ = (ERCP - ELCP) / (ERCP + ELCP). (1.1.6) 

It can be found that the relation between ellipticity and the absorption indices for left and right 

circular polarization, kLCP and kRCP, is given by  

 tan ψ = tanh[(πl / λ)  (kLCP - kRCP) ], (1.1.7) 

where the complex refractive indices are given by ñLCP,RCP = nLCP,RCP + i kLCP,RCP Since ellipticity 

values are generally small, this relation can be approximated and given in radians per unit length, 

 ψ = (π / λ) (kLCP - kRCP). (1.1.8) 

Values for circular dichroism described in the literature are given most often in the form of 

ellipticities in units of degrees, so a unit conversion factor of 180/π along with an assumed 

optical path length of 1 cm is often applied to Equation 1.1.8.  

 Circular dichroism and the corresponding anomalous optical rotary dispersion that occurs 

in absorption region are collectively known as the Cotton effect, after Aimé Cotton who is 

credited with the discovery in 1895.[6]  While other manifestations of optical activity have been 

observed in materials through effects such as magnetic circular dichroism, vibrational optical 

activity, and Raman optical activity, this dissertation will focus mostly on circular dichroism and 
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to a lesser extent, circular birefringence, due to their ease of measurement and relevance to 

specific applications. 

 

1.2 Plasmonics and Chiral Plasmonics 

Optical applications of bulk metals are generally limited to mirrors and beam splitters.  However, 

as the dimensions of materials are reduced down to the nanoscale, new physical properties can 

emerge.  Localized surface plasmon resonances (LSPRs) observed in metal nanoparticles are 

perhaps the most famous examples of these nanoscale effects.[7]  LSPRs are excitations of free 

conduction electrons within subwavelength metal nanoparticles, where the excitation energy 

matches that of incident light (Figure 1.2.1).[8]  The electromagnetic field of the incident light 

causes the surface electrons to coherently oscillate, resulting in a resonance that depends not only 

on the size of the nanostructure, but also its shape, arrangement amongst other interacting 

particles, and ambient environment.  LSPRs typically produce strong absorption and scattering of 

the light and are different than the commonly encountered surface plasmon polariton (SPP) 

wave,  in that SPPs are propagating  surface waves,  while LSPRs are  non-propagating  standing  

 

 

 

 

 

 

 

 
Figure 1.2.1 Pictorial description of a localized surface plasmon resonance of metal sphere.  
The incident electric field couples with the free electrons, causing them to oscillate. Ref.[8]  
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waves constrained by the surface.  Furthermore, the electromagnetic field of light is effectively 

confined by the LSPR within the small dimensions of the nanostructure, resulting in large local 

electromagnetic field enhancements.  While these effects sound exotic, they are natural 

consequence of the Maxwell equations and the bulk optical properties of metals.  Specifically, 

the plasmonic extinction cross-section, Cext, by a small metal sphere of volume, V, and dielectric 

function, ε = ε1 + i ε2, is given by the well-known quasi-static theory,[9]  

     Cext = 9
ω
c
εm3/2V

ε2
(ε1!2 εm)2!ε2

2 ,     (1.2.1) 

where εm is the dielectric function of the ambient medium and ε and εm are functions of the 

incident light frequency, ω. 

 The field of study related to the theory and application of SPPs and LSPRs is generally 

referred to as “plasmonics.”  From the discussions above, it is clear that plasmonic phenomena 

offer significant opportunities for interesting applications.  For example, the ability of plasmonic 

excitations to confine and guide light at scales smaller than the diffraction limit allows for the 

creation of miniaturized photonic circuits and could lead to the development of an optical 

computer.[10]  Furthermore, plasmonic resonances can generate “hotspots” of very intense local 

electromagnetic fields, and these hotspots have been shown to improve surface-enhanced Raman 

scattering (SERS),[11] promote photochemical reactions,[12] and permit the development of 

highly sensitive sensors.[13]  Another important application of plasmonics is a class of materials 

known as “metamaterials.”[14] Metamaterials are artificial materials whose properties are 

determined not by their chemical makeup, but by the specific arrangement of sub-wavelength 

structural elements. Through careful design of these elements, metamaterials can exhibit 

properties not typically exhibited by naturally occurring materials. Perhaps, the most famous 

examples  are invisibility cloaks created by  metamaterials composed of split  ring resonators and 
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conductive wires. For applications such as cloaking and perfect lensing, metamaterials must have 

a negative refractive index, which requires that both the electric permittivity and the magnetic 

permeability have negative values over the same spectral range.[14]  While a negative 

permittivity is not uncommon in natural materials, negative permeability is exceedingly rare, and 

unheard of in the visible and infrared regions.  Thus, the challenge for metamaterial design is to 

create a unit cell that can couple with magnetic field of light.  Very often, this is done by creating 

a subwavelength plasmonic system that functions similarly to an LC circuit with inductance L 

and capacitance C.[15]  In the split ring resonator, the incident magnetic field flux linking the 

ring generates inductance by coupling with the circular plasmonic mode of the ring, and the 

capacitance is generated by the charges that accumulate across the gap in the ring (Figure 

1.2.2).[16]  While split ring resonators and similar devices work efficiently in the microwave 

region, it is not possible to scale such unit cells down to serve as the basis for optical 

metamaterials due to optical losses in materials.  Consequently, the fabrication of metamaterials 

that exhibit negative refraction in the visible region remains a significant challenge.  However, 

an alternative and easier method of obtaining a negative refractive index that takes advantage of 

chirality has recently been proposed by Sir James Pendry. 

Figure 1.2.2 Diagram of a split ring resonator showing the equivalent LC circuit. Ref.[16] 
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As described in Section 1.1.1 above, the term “chirality” describes a form of asymmetry.  

More specifically, an object is said to be “chiral” if it cannot be made superimposable upon its 

mirror image solely by rotations and translations (Figure 1.2.3).[17]  That is, chiral objects do 

not exhibit reflective symmetry.  Right and left hands are the most familiar everyday chiral 

objects, and in fact, the word chirality is derived from the greek word for hand, “χειρ.”  Another 

familiar chiral shape is the helix.  Chirality is an intrinsic property of living matter, and 

researchers in biochemistry have long known its relevance.  More recently, chirality has emerged 

as an important topic among researchers interested in plasmonics, creating the subfield of chiral 

plasmonics.[18]  This rapid growth is tied to the emergence of chiral metamaterials.[19]  As 

mentioned above, optically chiral metamaterials can offer an easier route to negative refraction 

Figure 1.2.3 (a) chiral objects, like hands, do not exhibit reflective symmetry. (b) achiral 
objects can be superimposed on their reflection. Ref.[17]  
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than traditional metamaterials because right circular and left circular polarized light, RCP and 

LCP, respectively, experience different refractive indices in chiral media. This can be described 

by the relation, nRCP, LCP = n ± ξ, where n is the traditionally defined refractive index and ξ is the 

dimensionless chirality parameter of the material (see Section 1.3.3 for further discussion).  

Consequently, negative refraction for one circular polarization state is possible for non-negative 

n if | ξ | > n.  This means that researchers interested in developing metamaterials for cloaking 

devices and perfect lenses in the optical regime can alternatively focus on creating materials that 

exhibit intense optical activity, instead of trying to create materials with negative permeability.  

While non-metallic materials have been utilized in some cases for chiral metamaterials, most 

investigations in the literature rely on plasmonic materials (i.e., noble metals) due to their unique 

optical properties and strong electromagnetic field enhancements.   
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 3. Chiroptical Effects 
 Whereas the linear chiroptical effects of 
optical rotation (OR) and circular dichroism 
(CD) can be understood in a very straight-
forward and intuitive way, their nonlinear 
counterparts in second harmonic generation 
(SHG-OR and SHG-CD) are signifi cantly less 
obvious. Moreover, whereas the linear chi-
roptical effects require that both electric and 
magnetic dipoles be taken into account, the 
nonlinear ones can exist for electric dipoles 
alone. As a consequence, linear and non-
linear chiroptical effects are sensitive to dif-
ferent aspects of chirality.  

 3.1. Linear Chiroptical Effects 

 Upon encountering a material medium, 
light propagating is controlled by its refrac-
tive index  n  and its extinction coeffi cient  k . 
The extinction coeffi cient corresponds to a 
measure of how much a substance scatters 
and absorbs electromagnetic radiation and 

this coeffi cient affects the amplitude of the emerging electric 
fi eld of light. As for the refractive index, it indicates the reduc-
tion of the speed of light in the material. Depending on the 
particular material, light can interact either dominantly with 
 n  or  k , or equally with both. Linearly polarized light, which is 
represented with a blue arrow in  Figure    4  a, can be considered 
as a combination of left- (  σ    −  ) and right-hand (  σ    +  ) circularly 

spiral could form a cavity for circularly polarized light, whereby 
currents are refl ected back from the edges, accommodating dif-
ferent eigenmodes at different wavelengths, as was shown in 
Ref. 46. In the next section, we shall briefl y cover some of the 
main chiroptical effects in linear optics and see that they are 
very different from their nonlinear counterparts.    

     Figure  3 .     The interactions between chiral nanoparticles and circularly polarized light can be 
understood intuitively. In (a), a schematic diagram illustrates how the oscillating electric fi eld 
of linearly polarized light can drive the oscillation of the electron cloud in a metal nanoparticle. 
In (b), the rotating electric fi eld of circularly polarized light causes the electron cloud to rotate 
around the nanoparticle. In the case of chiral nanoparticles, the rotation of the electron cloud 
under illumination with circularly polarized light can be favored or hindered depending on the 
combination of chiral geometry and direction of circularly polarized light, as it is shown in (c) 
and (d).  

     Figure  4 .     Whereas the physical mechanism of optical activity is very straightforward in linear optics, in second harmonic generation it is not. Linearly 
polarized light (blue arrow) can be considered as a combination of left- and right-hand circularly polarized waves, represented in (a) by the two black 
arrows  σ   +   and  σ    −  , at times t  =  0, t  =  1, and t  =  2. In (b), due to the interactions with a chiral material, left and right-hand circularly polarized waves 
can propagate with same amplitude but different phase velocities. In this case,  σ   +   and  σ    −   have the same amplitude, though, at time t’  =  0,  σ   +   has not 
completed its circular evolution. Subsequently, at times t’  =  1 and t’  =  2, the resulting linear polarization vector appears to be rotated from its original 
position by an angle  φ –the angle of optical rotation. In (c), due to the interactions with a chiral material, left- and right-hand circularly polarized waves 
can propagate with same phase velocities but different amplitude. In this case,  σ   +   and  σ    −   have completed the same circular evolution, though, at time 
t’’  =  0,  σ    −   is shorter. Subsequently, at times t’’  =  1 and t’’  =  2, the resulting fi eld polarization vector follows an elliptical path. In (d), second harmonic 
generation originates from the nonlinear susceptibility tensor. This tensor is composed of 3  ×  3  ×  3 components, which can be represented by a cube 
with side 3. The presence of chirality within the material results in the appearance of characteristic tensor components, which directly affect the polari-
zation state of the second harmonic radiation.  

Adv. Mater. 2013, 25, 2517–2534

Figure 1.2.4. (a) Diagram of the oscillation of the electron cloud in a spherical metal 
nanoparticle under linearly polarized light. In (b), the rotating electric field of circularly 
polarized light causes the electron cloud to rotate around the nanoparticle. In the case of 
chiral nanoparticles, the rotation of the electron cloud under illumination with circularly 

polarized light can be favored or hindered depending on the combination of chiral geometry 
and direction of circularly polarized light, as it is shown in (c) and (d). Ref.[18] 
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In addition to the possibility of negative refraction through chiral metamaterials, there are 

also other intriguing phenomena associated with strong optical chirality that motivate interest in 

chiral plasmonics, such as broadband circular polarization,[20] repulsive Casimir forces,[21] 

unusual spin Hall effects,[22] and superchiral fields.[23]  Generally, in order for these effects to 

be observed, the structures must have chiral features that are on the order of, or smaller than the 

wavelength of interest (Figure 1.2.4).  In particular, chiral plasmonic structures must have chiral 

features on the nanoscale in order to exhibit optical activity in the visible wavelength region.  

This poses a significant fabrication challenge because nanoscale materials strongly prefer to form 

symmetric shapes to reduce surface energy.  Thus, the fabrication of chiral nanostructures is 

challenging, requiring precise control of material arrangement at exceedingly small dimensions, 

especially for three-dimensional (3D) chiral nanostructures, which are highly desirable due to 

their strong chirality.[24]  The current fabrication methods for chiral plasmonic structures are 

described in Sections 1.4 and 1.5.    

 

1.3 Optical Properties of Chiral Molecules, Nanostructures, and Materials 

1.3.1 Optical properties of chiral molecules 

Qualitatively, a light induced electronic transition in a molecule occurs because the fields of the 

electromagnetic radiation physically rearrange electrons such that they match the conditions of 

an alternate stationary state.[25]  During such a transition, the electric field linearly displaces 

electrons from the background of positively charged atomic nuclei, and this net movement of 

charge is quantified by the vector µ known as the electric dipole transition moment.  Note, do not 

confuse this vector µ with the magnetic permeability, µ, which is generally a scalar but may be a 

rank 3 tensor in some materials (e.g., gyromagnetic).  The vector µ points in the direction of the 
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net linear displacement of the electron density.  On the other hand, the magnetic component of 

the electromagnetic field induces a circular rearrangement of the electron density.  This net 

circulation of electrons is an axial vector, m, called the magnetic dipole transition moment.  

Importantly, the electron rearrangement is always helical in a chiral molecule during a light-

induced transition.  This helicity is imparted by µ and m having parallel components.  This 

alignment of the electric and magnetic dipole transition moments is the basis for the famous 

Rosenfeld equation,[26] 

 R = Im[µ∙m], (1.3.1) 

which describes the CD intensity (or CD strength or rotational strength), R, of a transition for a 

collection of randomly oriented chiral molecules.   

The Rosenfeld equation is not just valid for chiral molecules, and the equation derived for 

a single electron confined to a helix has been used to describe the optical properties of copper 

helices in the microwave region.[27, 28]  Furthermore, it was demonstrated that this derivation is 

a reasonable approximation for metal helices where the helical pitch and radius are on the order 

of the wavelength or smaller.[28]  Recent studies of plasmonic helices with optical activity in the 

visible region show that predictions based on a Rosenfeld approximation give qualitatively 

similar results as the experimentally obtained data.[29]  Specifically, the sign of the CD strength 

matched the analytical predictions, so did the relationship between the relative CD strength and 

the helical radius and pitch. 

 

1.3.2 Optical properties of chiral nanostructures 

In general, most chiral nanostructures have optical responses that are too complicated for 

analytical analyses.  Thus, many studies rely on the use of computational methods for theoretical 
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investigations. The popular methods include finite-difference-time-domain (FDTD),[30] finite 

element analysis (FEM or FEA),[31] and the discrete dipole approximation (DDA).[32]  These 

methods are not only able to reproduce experimentally measured spectra, they can also provide 

detailed information regarding the nature of plasmonic resonances through modeling and 

visualization of current distributions at the excitation energies.  Furthermore, computational 

methods can provide maps of electromagnetic field intensities, which can be used to determine 

field hotspots and can describe regions of “superchirality.” 

 Computational electromagnetic methods are certainly powerful tools in the theoretical 

analyses of chiral plasmonic structures.  However, from a design standpoint it is often helpful to 

analyze or predict experimental results from (quasi-) first principles, especially through 

analytical methods.  In this way the response can be optimized or tuned to a specific application.  

Optical chirality in nanostructures generally arises from one or more distinct effects.  These 

effects, along with their molecular analogues, are shown in Figure 1.3.1 and include shape 

chirality, chiral coupling, supramolecular chirality, pseudo/extrinsic chirality, and chiral 

scaffolds.  For nanoparticles with an intrinsic chiral shape and that are much smaller than the 

incident wavelength, there exists an analytical method to calculate their chiral optical 

properties.[33]  This method, developed by Zhiyuan Fan and Alexander O. Govorov, follows the 

general formalism for calculating absorption for a nanoparticle, except in this case the chiral 

surface is defined by a function, RNC(θ, φ).  By enforcing the standard boundary conditions 

defined by  RNC(θ, φ), the coefficients for the spherical harmonic expansion of the individual 

electromagnetic fields, both inside and outside the nanoparticle, incorporate the chirality of the 

surface.  In their calculations, they noted that chiral shapes, in contrast to spheres, have non-

degenerate orders, m, (-l ≤ m ≤ l) within each degree, l, for spherical harmonic Yl,m(θ, φ). These 
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plasmonic multiplets arise from the chiral surface distortion. Further analysis showed that the CD 

signal only appeared for calculations using expansions with l > 1. Therefore, they concluded that 

the CD mechanism originates from the mixing between the different plasmonic multiplets (e.g., 

dipolar) and modes (e.g., dipolar and quadrupolar) in chiral nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 Fan and Govorov have also developed an analytical method for calculating the chiral 

optical response of chiral assemblies of nanoparticles (Figure 1.3.1q).[34]  The physical 

mechanism for chiral nanoparticle assemblies has some similarity with the optical chirality due  

to the Coulomb dipole-dipole interaction in a large chiral molecule (e.g., α-helix or DNA).[25]  

However, there is an important difference between the plasmonic CD effect and the CD effect in 

biomolecules.  The elementary building blocks of a complex biomolecule are interacting 

chromophores, which are generally described as single dipoles.  On the other hand, in chiral 

complexes of nanoparticles, the elementary building blocks, individual spherical nanoparticles, 

2520

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

P
R
O

G
R
ES

S
 R

EP
O

R
T

over its spiral length, electrons can move along and give rise 
to large nonlinear chiroptical effects. In an attempt to emu-
late this behavior, the 2D spiral nanostructure in Figure  1 e, 
was conceived. Later, a nanomaterial consisting of 3D spirals 
was constructed and demonstrated to act as a broadband cir-
cular polarizer. An alternative way to achieving chirality is to 
couple achiral elements, such as the two building elements of 
the 2,2′-dimethoxy-binaphtyl molecule, in Figure  1 g. Similar 
coupling mechanisms were explored for nanostructures with 
crosses, in Figure  1 h, which were shown to exhibit strong chi-
roptical behavior, both at the fundamental wavelength and at 
the second harmonic. Moreover, very interesting effects were 
achieved upon superimposing two resonant U-shaped nano-
structures and varying their mutual orientation, see Figure  1 i. 
The coupling of these split-ring resonators was used to intro-
duce the concept of stereometamaterials, directly inspired from 
stereochemistry. 

 Another well known concept in chemistry is supramolecular 
chirality, represented in Figure  1 j. In this case too, chirality 
is achieved through coupling however, because the building 

 2. Chiral Plasmonic Nanostructures  

 2.1. Chirality from Molecules to Nanostructures 

 The nanoengineering strategies that have been developed for 
chiral nanostructures can be related to concepts that origi-
nated in chiral molecules.  Figure    1   summarizes these concepts, 
namely: helical chirality, chiral coupling, supramolecular chi-
rality, pseudo or extrinsic chirality and assembly upon chiral 
scaffolds.  

 Helical chirality is exhibited by both propeller and spiral 
types of structures. For example, Figure  1 a shows the perchlo-
rotripheylamine molecule, whose overall aspect evokes the 
shape of a three-arm helix. Similarly, nanostructures that con-
sist of helices with four rectangular arms have been prepared 
and were found to exhibit giant optical activity, see Figure  1 b. 
More recently, helices with four curved arms, in Figure  1 c, 
were shown to exhibit strong nonlinear circular dichroism. As 
an example of spiral chirality, the helicinebisquinone molecule 
is displayed in Figure  1 d. Because this molecule is conjugated 

     Figure  1 .     Many of the concepts associated with chirality that have initially been developed for molecules are nowadays being transferred to nanostruc-
tures. In (a), the perchlorotripheylamine molecule has the shape of a propeller, which is an example of helical chirality. Correspondingly, propeller-
shaped nanostructures, in (b) [  54  ]  and (c), [  55  ]  also exhibit this form of chirality. Another example of helical chirality is found in spiral-shaped molecules, 
such as the helicinebisquinone, in (d). Analogously, 2D and 3D spirals can be constructed from nanostructures, in (e) [  56  ]  and (f) [  46  ]  respectively. Chirality 
is also achieved upon coupling two or more achiral molecules, as illustrated by the 2,2’-dimethoxy-binaphtyl molecule, in (g). Similarly the superposition 
of achiral crosses, in (h) [  57  ,  58  ]  and split-rings, in (i), [  59  ]  results in chiral nanomaterials. The chiral coupling of molecules that are themselves chiral results 
in supramolecular chirality; in (j) the spiral is formed by stacking such molecules as the one in (d). For nanostructures, the concept of supramolecular 
chirality can fi nd applications in both 2D and 3D, in (k) [  56  ]  and (l) [  60  ]  respectively. Pseudochirality is an effect whereby tilting of the plane containing 
anisotropic molecules can result in optical activity, without the presence of actual chiral species, as schematized in (m). [  61  ]  The idea has also been 
successfully transferred to nanostructures in the case of both the linear [  62  ]  and nonlinear optics, [  63  ]  in (n) and (o) respectively. Moreover, chirality can 
arise from the interactions of molecules and nanostructures; typically one attaches these to a chiral scaffold. Such hybrid chiral materials can be as 
small as clusters, in (p), [  64  ]  or as large as DNA molecules and metamaterials, in (q), [  65  ]  and (r) respectively. Panel (b) adapted with permission from 
Ref. 54. Copyright 2005, American Physical Society. Panel (c) adapted with permission from Ref. 55. Copyright 2012, American Optical Society. Panel (e) 
adapted with permission from Ref. 56. Copyright 2009, American Chemical Society.  Panel (f) adapted with permission from Ref. 46. Copyright 2009, 
American Association for the Advancement of Science. Panel (g) adapted with permission from Ref. 57.  Copyright 2011, American Optical Society. 
Panel (h) adapted with permission from Ref. 58. Copyright 2009, Nature Publishing Group. Panel (i) adapted with permission from Ref. 59. Copyright 
2010, American Optical Society. Panel (m) adapted with permission from Ref. 61. Copyright 1996, American Physical Society. Panel (n) adapted with 
permission from Ref. 62. Copyright 2009, American Physical Society. Panel (o) adapted with permission from Ref. 63.  Copyright 2011, American 
Physical Society. Panel (p) adapted with permission from Ref. 64. Copyright 2009, Royal Society of Chemistry. Panels (q,r) adapted with permission 
from Ref. 65. Copyright 2012, Nature Publishing Group.   

Adv. Mater. 2013, 25, 2517–2534

Figure 1.3.1 Different origins of optical activity in plasmonic nanostructures and their 
molecular analogs, including (a) – (f) chiral shapes, (g) – (i) chiral coupling, (j) –(l) extrinsic 

chirality, (p) – (r) chiral scaffolds.  Ref.[18] 
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have three plasmonic dipoles.  This analytical method will be further discussed and utilized in 

Section 2.3. 

 Additional analytical solutions to various chiral phenomena are available in the literature. 

For example, Govorov has also developed a theory to describe the remarkable phenomenon 

where an achiral nanoparticle with plasmonic resonances in the visible region is coupled with a 

chiral molecule that has optical activity in the UV range, and produces new plasmonic optical 

activity in the visible range.[35]  Another notable example is the plasmonic Born-Kuhn model 

for chiral nanophotonic spectra.[36]  In this case, the optical activity of layered plasmonic 

structures is interpreted in a classical manner by using the coupled oscillator model of Born and 

Kuhn, which consists of two identical, vertically displaced, coupled oscillators.[37] Finally, for 

mesoscopic laminar structures with a helical arrangement (e.g., liquid crystals or sculptured thin 

films), transfer matrices have been employed to accurately describe experimentally obtained 

chiral spectra.[38]  

 

1.3.3 Chiral materials and negative refraction  

The coupling between the effects of the incident electric field and magnetic field, as described in 

the Rosenfeld equation, is generally at the origin of observable optical activity.  For example, in 

bulk chiral materials or films, these effects are represented by introducing a material specific 6×6 

tensor (note that the individual components of χ are themselves 3×3 tensors),  

 χ = 
χEE χEH
χHE χHH

, (1.3.2) 

which defines the response of the medium to the electromagnetic field through the 

electromagnetic constitutive relations, 

 D = χEE E + χEH H, (1.3.3) 
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 B = χHE E + χHH H, (1.3.4) 

where D is the electric displacement vector, E is the electric field intensity, B is the magnetic 

induction field, and H is the magnetic field intensity.[19]  For the achiral materials the off-

diagonal elements of χ vanish, leaving the more familiar form of the constitutive relations.  For 

bianisotropic materials, including chiral materials, these elements do not vanish, and the electric 

and magnetic fields are coupled.   

For the slightly less general case of bi-isotropic materials, Equations 1.3.3 and 1.3.4 can 

be written as, 

D = ε0 ε E + (χ + i ξ) (ε0 µ0)1/2
 H,     (1.3.5) 

B = µ0 µ H + (χ - i ξ) (ε0 µ0)1/2
 E,     (1.3.6) 

where ε and ε0 are, respectively, the relative and vacuum permittivities, µ and µ0 are, respectively,  

the relative and vacuum permeabilities, χ is the magneto-electric parameter that describes the 

material’s reciprocity, and ξ is the dimensionless chirality parameter.  For the case of a plane 

wave traveling in an isotropic chiral medium, Maxwell’s curl equations in the frequency-domain 

with no sources can be obtained using Equations 1.3.5 and 1.3.6, 

k × E = ω µ0 µ H – i ω ξ (ε0 µ0)1/2
 E,     (1.3.7) 

k × H = – ω ε0 ε E – i ω ξ (ε0 µ0)1/2
 H,    (1.3.8) 

where k is the wavevector in the chiral medium.  The wavevector in the medium is related to the 

refractive index, n, by k = (ω / c) n ŝ, where ŝ is a unit vector that points in the direction of the 

wave propagation.  Combining Equations 1.3.7 and 1.3.8, the wave equation for the electric field 

is obtained 

k × (k × E) = –k0
2 (ε µ  - ξ2) E – 2 i ξ k0 (k × E),    (1.3.9) 
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where k0 = ω / c and c = (ε0 µ0)-1/2.  If we consider the case of circular polarized light (RCP, LCP) 

propagating in the z-direction, kRCP, LCP = {0 , 0, kRCP, LCP} and ERCP, LCP = {1, ±i, 0}E(r, ω).  

Inserting kRCP, LCP and ERCP, LCP into Equation 1.3.9 and writing them as column vectors we 

obtain 

   
−kRCP, LCP

2

∓i  kRCP,LCP2

0
=

−k0
2(ε  µ  −   ξ2)   ∓ 2  ξ  k0  kRCP, LCP

−k0
2(ε  µ  −   ξ2)   − 2  ξ  k0  kRCP, LCP

0
.           (1.3.10) 

Equating the x-components in Equation 1.3.10 and solving for kRCP, LCP, we can obtain the 

refractive indices for RCP and LCP,  

       nRCP, LCP = n ± ξ,               (1.3.11)  

where we have used k0 = ω / c, kRCP, LCP = (ω / c) nRCP, LCP  and n = (ε µ)1/2 (i.e., n is the non-

chiral refractive index of the material).  Thus, negative refraction for one circular polarization 

state, RCP or LCP, is possible for non-negative n if |ξ | > n. 

 

1.4 Brief Review of Current Fabrication Methods 

A variety of innovative techniques have been used in the literature to try and meet the challenge 

of fabricating chiral plasmonic structures with optical activity in the visible region.  These 

techniques can be divided into top-down and bottom-up methods.  Top-down methods are 

generally template-free, while bottom-up methods typically require chiral templates or chiral 

constituent elements to fabricate the desired chiral structures (Figure 1.4.1).   

Electron beam lithography (EBL) is a common top-down method for the creation of 

chiral patterns at the nanometer scale.[39-41]  EBL uses a focused beam of electrons to write 

patterns into an electron sensitive material referred to as “resist.”  After the writing step, the 

resist  is developed by  immersing in a solvent,  which,  depending on  the resist type,  selectively 
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keeps or removes the portion of the resist that had been exposed to the electron beam.  The EBL 

method is capable of creating arbitrary and complex shapes in two dimensions (2D) at high-

resolution, making it ideally suited for laboratory investigations of fundamental principles of 

chiral metamaterials.[42, 43]  However, the top-down writing of resist is a planar patterning 

method, which makes the formation of 3D structures very difficult.  This is because the 

formation of a 3D structure requires multiple steps of EBL, etchings, and material depositions 

with carefully designed and aligned layers.  For example, a true 3D chiral plasmonic 

metamaterial composed of loop-wire meta-atoms has been demonstrated using EBL,[44] but the 

fabrication requires  three separate EBLs  and many other fabrication processing steps,  including 

Figure 1.4.1. Examples of bottom-up and top-down preparation of chiral nanostructures. In 
the first case, the material preparation proceeds from the self-assembly of a block copolymer. 
In (a), the three different colors (red, blue, and grey) correspond to the different blocks of the 

copolymer. The isoprene block (blue) is removed in (b) and is then back-filled with gold 
(yellow) in (c). The final structure is obtained by plasma etching the two remaining polymer 

blocks, revealing a 3D continuous gold network in air, in (d). In the case of top-down 
material preparation, the nanostructure pattern is drawn on a resist layer with electron beam 

lithography, in (e). Subsequently, the resist within the pattern is removed in a solvent bath, 
producing a mask, which is shown in (f). The mask is then subjected to metal evaporation, in 

(g). Next, all the resist is removed in a second solvent bath producing (h). Ref.[18] 
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 To tackle chiroptical effects, Mie’s theory has been extended 
by Bohren to account for circular dichroism and optical rota-
tion in an optically active sphere. [  70  ]  More recently, simulations 
have been performed in order to compare the optical activity 
of a sphere with actual experimental results, whereby a scat-
tering solid angle towards the aperture of a detector was taken 
into account. [  71  ]  These calculations however focus on very small 
nanoparticles, whereas the chiral nanostructures in Figure  1  
range from 50 nm to the micron scale. At this scale, retardation 
effects play an important role. Moreover, Figure  1  reveals that 
chiral geometries exhibit kinks and sharp corners, where the 
geometric confi nement of the fi elds, known as the electrostatic 
lighting rod effect, needs to be taken into account. Because 
of the increase in complexity, the electromagnetic proper-
ties of chiral nanostructures are simulated numerically, by 
means of Maxwell equations’ solvers, such as MAGMAS, [  72  ,  73  ]  
Lumerical, [  74  ]  MEEP, [  75  ]  RSoft’s DiffractMOD, [  76  ]  etc. Neverthe-
less, some degree of intuitive understanding can be achieved by 
considering that upon interacting with a spherical nanoparticle, 
circularly polarized light drives the electron cloud in a spiral, 
see Figure  3 b. This case of polarization gives rise to an electric 
current on the surface of the nanostructure as the charges are 
pushed away from the propagating electric fi eld of light. There-
fore, for a given direction of circularly polarized light, the chiral 
geometry of a metal nanostructure can either accommodate 
the surface current or hinder it, see Figure  1 c and  1 d. It should 
be noticed though that this intuitive picture does not take into 
account the fi nite dimensions of the chiral path. In reality, the 

dielectric constant of the bulk metal. It follows that, for a spher-
ical nanoparticle, the resonance is achieved when   ε  r    =   − 2  ε  m   

 An intuitively very appealing way to look at this resonance 
is to consider that the electron cloud of the nanoparticle can be 
modeled as a harmonic oscillator. The cloud can then be viewed 
as subjected both to the force exerted on the charges by the 
electric fi eld of light and to the restoring force of the positively 
charged metal cores. In response to these forces, the electron 
cloud oscillates at the frequency of light, see  Figure    3  a. The dis-
tortion of the electron cloud in response to the electric fi eld of 
light can be expressed as the polarisability:

 
α (λ) = 4πεm (λ) R3 ε (λ) − εm (λ)

εm (λ) + 2εm (λ)   
(2)   

  

 where the maximum polarization corresponds to the resonance 
condition in the denominator. An increase in the dielectric con-
stant of the surrounding medium leads to an increased electric 
fi eld within the dielectric, which opposes the local electric fi eld 
at the surface of the nanoparticle and reduces the restoring 
force. Consequently the resonance frequency of the oscillator 
drops, so the plasmon resonance red-shifts. A red-shift can also 
be observed upon varying the shape of the nanoparticle. For 
non-spherical nanoparticles, the resonant condition takes the 
form   ε  r    =   −   χ  ε  m  , where   χ   is the shape factor, which is equal to 
2 in the case of a sphere and increases with the aspect ratio. In 
the case of chiral geometry, the situation becomes signifi cantly 
more complex. 

     Figure  2 .     Examples of bottom-up and top-down preparation of chiral nanostructures. In the fi rst case, the material preparation proceeds from the 
self-assembly of a block copolymer. [  67  ]  In (a), the three different colors (red, blue, and grey) correspond to the different blocks of the copolymer. The 
isoprene block (blue) is removed in (b) and is then back-fi lled with gold (yellow) in (c). The fi nal structure is obtained by plasma etching the two 
remaining polymer blocks, revealing a 3D continuous gold network in air, in (d). In the case of top-down material preparation, the nanostructure 
pattern is drawn on a resist layer with electron beam lithography, in (e). [  68  ]  Subsequently, the resist within the pattern is removed with a solvent bath, 
producing a mask, which is shown in (f). The mask is then subjected to metal evaporation, in (g). Next, upon lift-off, all the resist is removed with a 
second solvent bath producing (h). Panels (a–d) adapted with permission from Ref. 67. Copyright 2012, Wiley. Panels (e–h) adapted with permission 
from Ref. 68. Copyright 2011, American Optical Society.  
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metal lift-offs and dry-etchings.  These additional processes reduce fabrication throughput, 

increase costs, and are not suitable for large-scale production.  Direct laser writing (DLW) is 

another top-down method exist for the production of 3D chiral plasmonic structures.  For 

example, DLW of helical cavities in positive tone photoresist, followed by development and 

electrochemical deposition of gold, has been used to produce square-lattice arrays of plasmonic 

helices that show a broadband response in the infrared region (Figure 1.4.2).[20]   

Unfortunately, DLW lacks the high resolution of EBL and cannot produce chiral structure with 

feature sizes small enough to show optical activity in the visible region.  Furthermore, it suffers 

from the same drawbacks of EBL, low throughput and poor scalability.   

Bottom-up methods, such as chemical synthesis and self-assembly, offer scalable routes 

to 3D chiral structures.[45, 46]  For example, surface modification of achiral metal nanoparticles 

Figure 1.4.2. (A) Focused-ion-beam cut of a DLW polymer structure partially filled with gold 
by electroplating. (B) Oblique view and (C) top-view of a left-handed helix structure after 
removal of the polymer by plasma etching. (D) DLW fabrication process: a positive-tone 

photoresist (blue) is spun onto a glass substrate covered with a 25-nm thin film of conductive 
indium-tin oxide (ITO) shown in green. After 3D DLW and development, an array of air 

helices in a block of polymer results. After plating with gold in an electrolyte, the polymer is 
removed by plasma etching, leading to a square array of 3D gold helices. Ref.[20] 

 

but rather to elliptic polarization in that case.
Linear birefringence is largely eliminated in our
3D helix design. Indeed, for the conditions of
Fig. 1B, intensity conversion of the incident right-
handed circular polarization (RCP) with high
transmittance is below 5% in the 3.75 to 7.5 mm
range.

The situation gets more complex for the case
of two helix pitches (Fig. 1C). Intensity conver-
sion of incident circular polarization is again
low (below 5% in the same sense as above).
However, we find a transition from sharp reso-
nances for one helix pitch and left-handed circu-
lar polarization (LCP) in Fig. 1B to a broad stop
band for two pitches in Fig. 1C (LCP). To clari-
fy the nature of this broad stop band, we depict
snapshots of the current distribution for three
selected characteristic wavelengths (Fig. 1D).
The three depicted modes closely resemble stand-
ing waves; that is, the positions of their current
nodes change only slightly with time. The num-
ber of nodes decreases from three to one as
wavelength increases for the three modes. The
superposition of these three modes leads to the
broad spectral response. This behavior is some-
what analogous to that for coupled SRRs (16),
where magnetization waves (25) can form bands
out of previously sharp individual resonances. In
other words, in addition to the internal reso-
nances, the Bragg resonance becomes important
as well. The calculations are rather similar if we
treat the metal as an ideal conductor rather than
as a Drude free-electron metal with finite plasma
frequency and damping. This observation indi-
cates that the effects can, in principle, be scaled
by structure size to any desired wavelength range,
provided that the operation wavelength is suf-
ficiently below the metal plasma frequency. This
observation also indicates that, in an ideal struc-
ture, the missing light for the low-transmittance
circular polarization is reflected rather than
absorbed.

Our fabrication of corresponding structures
for mid-infrared frequencies is outlined in Fig. 2.
The idea is to infill a polymer template by elec-
trochemical deposition of a metal [for experi-
mental details, see (18)]. We chose gold because
of its excellent optical properties at mid-infrared
wavelengths and because, unlike silver, it does
not deteriorate with time. Helix-shape air voids
in the polymer structure are required for this pur-
pose. Most previous work on direct laser writ-
ing (DLW) of 3D polymer structures has used
negative-tone photoresists (26); the work reported
in (27) is a notable exception. For negative-tone
photoresists, only the sufficiently exposed regions
remain after the development process. However,
because of the proximity effect, fabrication of
narrow pores in a bulk matrix is rather difficult in
this case. Thus, we used a positive-tone resist for
which only those regions that are sufficiently
exposed by light are removed in the development
process. Figure 3 shows corresponding structures
made by using a commercially available 3D
DLW system. To allow for electrochemical dep-

osition, a 25-nm thin optically transparent film of
indium-tin oxide (ITO) is evaporated as the
cathode onto a glass substrate before the photo-
resist is spun on. Typically, we use a photoresist
thickness of 10 mm.After development, the struc-
ture is placed into an electrochemical cell, where
a voltage is applied between the ITO film (at one
side of the glass substrate) and the anode, which
is immersed in the electrolyte. A constant current
source controls the electrical current and, hence,
the growth rate. After gold infiltration up to a
certain level determined by the current density

and the growth time, we completely remove the
polymer by exposing the composite structure to
air plasma. Oblique-view electron micrographs
of the gold structures fabricated (Fig. 3B) show
that these structures have a fairly small gold sur-

Fig. 2. A positive-tone photoresist (blue) is spun
onto a glass substrate covered with a 25-nm thin film
of conductive indium-tin oxide (ITO) shown in green.
After 3D DLW and development, an array of air
helices in a block of polymer results. After plating
with gold in an electrolyte, the polymer is removed by
plasma etching, leading to a square array of free-
standing 3D gold helices.

Fig. 3. (A) Focused-ion-beam (FIB) cut of a
polymer structure partially filled with gold by
electroplating (compare lower right part of Fig. 2).
(B) Oblique view of a left-handed helix structure
after removal of the polymer by plasma etching.
(C) Top-view image revealing the circular cross
section of the helices and the homogeneity on a
larger scale. The lattice constant of the square
lattice is a = 2 mm.

Fig. 4. Normal-incidence
measured and calculated
transmittance spectra (no
analyzer behind sample)
are shown in the left and
right columns. LCP and
RCP are depicted in red
and blue, respectively. (A)
Slightly less than one pitch
of left-handed helices, (B)
two pitches of left-handed
helices, and (C) two pitches
of right-handed helices (see
insets). For wavelengths lon-
ger than 6.5 mm, the glass
substrate in the experiments
becomes totally opaque.
Hence, transmittance can-
not be measured. For wave-
lengths below 3 mm, light
can be diffracted into the
glass substrate (a = 2 mm
and refractive index n =
1.5), giving rise to Wood
anomalies.
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but rather to elliptic polarization in that case.
Linear birefringence is largely eliminated in our
3D helix design. Indeed, for the conditions of
Fig. 1B, intensity conversion of the incident right-
handed circular polarization (RCP) with high
transmittance is below 5% in the 3.75 to 7.5 mm
range.

The situation gets more complex for the case
of two helix pitches (Fig. 1C). Intensity conver-
sion of incident circular polarization is again
low (below 5% in the same sense as above).
However, we find a transition from sharp reso-
nances for one helix pitch and left-handed circu-
lar polarization (LCP) in Fig. 1B to a broad stop
band for two pitches in Fig. 1C (LCP). To clari-
fy the nature of this broad stop band, we depict
snapshots of the current distribution for three
selected characteristic wavelengths (Fig. 1D).
The three depicted modes closely resemble stand-
ing waves; that is, the positions of their current
nodes change only slightly with time. The num-
ber of nodes decreases from three to one as
wavelength increases for the three modes. The
superposition of these three modes leads to the
broad spectral response. This behavior is some-
what analogous to that for coupled SRRs (16),
where magnetization waves (25) can form bands
out of previously sharp individual resonances. In
other words, in addition to the internal reso-
nances, the Bragg resonance becomes important
as well. The calculations are rather similar if we
treat the metal as an ideal conductor rather than
as a Drude free-electron metal with finite plasma
frequency and damping. This observation indi-
cates that the effects can, in principle, be scaled
by structure size to any desired wavelength range,
provided that the operation wavelength is suf-
ficiently below the metal plasma frequency. This
observation also indicates that, in an ideal struc-
ture, the missing light for the low-transmittance
circular polarization is reflected rather than
absorbed.

Our fabrication of corresponding structures
for mid-infrared frequencies is outlined in Fig. 2.
The idea is to infill a polymer template by elec-
trochemical deposition of a metal [for experi-
mental details, see (18)]. We chose gold because
of its excellent optical properties at mid-infrared
wavelengths and because, unlike silver, it does
not deteriorate with time. Helix-shape air voids
in the polymer structure are required for this pur-
pose. Most previous work on direct laser writ-
ing (DLW) of 3D polymer structures has used
negative-tone photoresists (26); the work reported
in (27) is a notable exception. For negative-tone
photoresists, only the sufficiently exposed regions
remain after the development process. However,
because of the proximity effect, fabrication of
narrow pores in a bulk matrix is rather difficult in
this case. Thus, we used a positive-tone resist for
which only those regions that are sufficiently
exposed by light are removed in the development
process. Figure 3 shows corresponding structures
made by using a commercially available 3D
DLW system. To allow for electrochemical dep-

osition, a 25-nm thin optically transparent film of
indium-tin oxide (ITO) is evaporated as the
cathode onto a glass substrate before the photo-
resist is spun on. Typically, we use a photoresist
thickness of 10 mm.After development, the struc-
ture is placed into an electrochemical cell, where
a voltage is applied between the ITO film (at one
side of the glass substrate) and the anode, which
is immersed in the electrolyte. A constant current
source controls the electrical current and, hence,
the growth rate. After gold infiltration up to a
certain level determined by the current density

and the growth time, we completely remove the
polymer by exposing the composite structure to
air plasma. Oblique-view electron micrographs
of the gold structures fabricated (Fig. 3B) show
that these structures have a fairly small gold sur-

Fig. 2. A positive-tone photoresist (blue) is spun
onto a glass substrate covered with a 25-nm thin film
of conductive indium-tin oxide (ITO) shown in green.
After 3D DLW and development, an array of air
helices in a block of polymer results. After plating
with gold in an electrolyte, the polymer is removed by
plasma etching, leading to a square array of free-
standing 3D gold helices.

Fig. 3. (A) Focused-ion-beam (FIB) cut of a
polymer structure partially filled with gold by
electroplating (compare lower right part of Fig. 2).
(B) Oblique view of a left-handed helix structure
after removal of the polymer by plasma etching.
(C) Top-view image revealing the circular cross
section of the helices and the homogeneity on a
larger scale. The lattice constant of the square
lattice is a = 2 mm.

Fig. 4. Normal-incidence
measured and calculated
transmittance spectra (no
analyzer behind sample)
are shown in the left and
right columns. LCP and
RCP are depicted in red
and blue, respectively. (A)
Slightly less than one pitch
of left-handed helices, (B)
two pitches of left-handed
helices, and (C) two pitches
of right-handed helices (see
insets). For wavelengths lon-
ger than 6.5 mm, the glass
substrate in the experiments
becomes totally opaque.
Hence, transmittance can-
not be measured. For wave-
lengths below 3 mm, light
can be diffracted into the
glass substrate (a = 2 mm
and refractive index n =
1.5), giving rise to Wood
anomalies.
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in solution with chiral molecules leads to induced optical activity in the plasmonic resonances of 

the nanoparticles (Figure 1.4.3.a).[47] More exotic self-assembled structures, like helical 

superstructures of noble metal nanoparticles on macromolecular scaffolds (e.g., DNA, peptides, 

and proteins), have also shown appreciable plasmonic optical activity (Figure 1.4.3.b).[48-50]  

These solution-based methods are certainly interesting, but the obtained chiral optical properties 

are generally much weaker than those of structures fabricated using top-down methods.  

Promising exceptions to this assessment are 3D metamaterials fabricated by selectively etching 

and metal-filling the gyroid networks of block copolymers, which show strong optical activity in 

the visible wavelength region (Figures 1.4.1a – 1.4.1d).[51, 52]  Similar to other bottom-up 

methods,  the parameters of  such gyroid structures are defined by the available chiral  templates. 

 

 

 

 

 

 

 

 

 

1.5 Dynamic Shadowing Growth 

Dynamic shadowing growth (DSG) is another promising bottom-up method for the fabrication of 

chiral plasmonic structures.  DSG is a well-known physical vapor deposition method that is 

scalable and simple to implement,[53-56] and has been used in the production of broadband 

7034 Chem. Soc. Rev., 2013, 42, 7028--7041 This journal is c The Royal Society of Chemistry 2013

of intrinsically chiral crystals could be studied for their chir-
optical properties following the initial demonstration on a-HgS.

5. Achiral plasmonic NPs interacting with
chiral molecules

In 1966 Bosnich showed that chiral molecules can induce CD at
the absorption lines of achiral molecules with which they are
closely interacting.87 In recent years it was shown that chiral
molecules attached to noble metal nanostructures can induce
CD at their surface plasmon resonance excitations. This section
will describe the theoretical models and experimental results
related to CD induction at plasmonic structures by chiral
molecules.

A number of mechanisms were suggested for such a plasmonic
CD induction phenomenon: (1) in the case of a { l, local field, of
dipole–dipole or higher multipoles interaction type,60,88–91 (2) for
a B l a full electrodynamic interaction model taking into account
retardation effects needs to be used.52,86,92

While optical activity from large (o20 nm) plasmonic parti-
cles was observed in 2004,93 the first CD clearly related to metal
plasmon resonance in metal NPs (>100 atoms) was obtained by
Shemer et al.31 by reduction of silver ions bound to a chiral
poly(dG)–poly(dC) double stranded DNA scaffold (particle size
B5–10 nm). In contrast to the optical activity in the mono-
disperse gold clusters capped with L-glutathione,5 which appar-
ently originates in chiral surface distortion of the clusters, in the
DNA–Ag NP system the interaction of DNA with the silver particle
surfaces is much weaker and together with larger size of the NPs
it is clear that the plasmonic CD could not arise from local
surface effects. Hence, the mechanism by which the ds-DNA
induced dissymmetry at the Ag particle plasmon resonances has
to be different from the one acting on the small metal clusters.
Note that CD in small silver clusters has been induced by DNA
and thiolated ligands, but in both of those cases, as well as with
the larger Ag–DNA particles the CD induction mechanism is still
unclear.94,95

Since then induced plasmonic CD was detected in a variety
of experiments on larger metal particles.32,33,88,91,96–106 Clearer
experimental evidence for a near-field (dipolar) mechanism was
recently obtained for gold plasmonic island films (Fig. 6).90 In
this work, the metal–chiral-molecule separation dependence of
the intensity of the induced CD effect was also studied and
found to roughly conform to the dipolar model. It was found
that the CD induction effect decays within B10 nm for B33 nm
islands, similar to the decay length of the refractive index
influence of the surroundings on the plasmon resonance
frequency and intensity (Fig. 6b).107

5.1 The near-field (dipolar) plasmonic CD induction model

Mathematically, if there is no significant molecule–plasmon
hybridization, the CD signal for a molecule–NP complex can be
described as a sum of two terms:

CDtotal = CDmolecule + CDplasmon (2)

where CDmolecule and CDplasmon come from light dissipation
inside the molecule and the NC, respectively. Both terms are
strongly affected by the plasmonic fields of the NP. The term
CDmolecule includes a plasmon-enhancement field factor of a NP
(P) that is a tensor. For a single molecular dipole, the equation
for CDmolecule has the form:88,89

CDmolecule ¼ E0
28

3

ffiffiffiffiffiffiffiffiffiffi
e0o0
p G12

!ho" !ho0 þ iG12j j2
$ Im P̂ % l12

" #
%m21

h i

(3)

where G12 is the broadening of the molecular resonance, o0 is the
frequency of the molecular resonance, l12 and m21 are the electric
and magnetic transition dipole moments of the molecule, respec-
tively. For a molecule with a number of resonances, the total
CDmolecule should be written simply as a sum of all terms:

CDmolecule ¼
Xn

i¼1
CDmolecule i (4)

And so as for the number of plasmon resonances,

CDplasmon ¼
Xn

i¼1
CDplasmon i (5)

Fig. 6 (a) A scheme of the experiment on plasmonic CD induction by bringing
chiral molecules (riboflavin) in proximity to plasmonic gold islands deposited on a
glass substrate. It can be seen that on combining the chiral molecules with the
plasmonic particles a new CD line appears at the metal plasmon resonance
(570 nm). (b) Observation of the decay of the induced plasmonic CD as a function
of achiral spacer layer thickness on which the riboflavin is deposited. Adapted
with permission from ref. 90. Copyright (2013) American Chemical Society.
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The experimental spectra agree well with theoretical calculations
based on classical electrodynamics (Fig. 2b). The strongest absorption
of circularly polarized light is predicted in the vicinity of the surface
plasmon frequency of the metal nanoparticles, as experimentally seen
with our assemblies. Strikingly, even the strength of the measured
signals closely matches the magnitude predicted by the calculations.
We further confirmed theoretically that the CD signal remains robust
to positional perturbations of the individual particles (see Supplemen-
tary Information note 2).

The dipole theory17 predicts that the CD signal becomes stronger
when the particles are either larger or arranged in a tighter helix:

CDplasmon<
a12

NP

R8
0

ð1Þ

where aNP and R0 are the nanoparticle and helix radii, respectively. We
quantified the influence of particle size on the CD signal by using
electroless deposition of metal from solution26,27 onto 10-nm seeding
particles that were already assembled into the helical geometry
described in Fig. 1 (see Supplementary Information note 7 for experi-
mental details and additional TEM images). CD measurements of
these ‘enhanced’ samples showed two notable effects (Fig. 2c): the
signal strength increased up to 400-fold for nanoparticle diameters
of 16 6 2 nm, and the absorption as well as the CD peak shifted to
longer wavelengths. These results are consistent with theoretical pre-
dictions for the plasmonic CD effect. A simple estimate for the CD
signal increase based on equation (1) and assuming a particle size of
16 nm yields an enhancement of about 280, and quantitative numerical
calculations predict an enhancement of about 500. As in the experi-
ments, the calculated CD for larger particles and the same helix radius
is also red-shifted (Fig. 2d), which is typical for strongly interacting
plasmonic nanocrystals28. Taken together, these observations illus-
trate that desired optical behaviour can be designed and realized by
exploiting the collective interactions between plasmonic particles
attached with close to 100% yield and positioned with nanometre-scale
precision.

To generate CD at other wavelengths, we plated silver onto pre-
assembled 10-nm gold particle helices and thereby produced a silver
shell of about 3 nm around each of the gold nanoparticles. Plasmon
resonances in silver occur at a shorter wavelength than in gold, so the
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Figure 2 | Circular dichroism of self-assembled gold nanohelices.
Experimental (a and c) and theoretical (b and d) CD spectra of left-handed (red
lines) and right-handed (blue lines) helices of nine gold nanoparticles show
characteristic bisignate signatures in the visible. a, CD spectra of nanohelices
composed of 10-nm gold particles. The peak position in the spectra of left-
handed helices (indicated by the arrow) coincides with the plasmon absorption
resonance maximum. b, The theoretically predicted CDs for the geometries in
a exhibit the same features; the peak positions and amplitudes are in remarkable
agreement with the experiment. c, The CD signal increases owing to collective
plasmonic enhancement by a factor of 400 for assemblies of nanoparticles with
16-nm diameter, rendering the noise in the spectra invisible (as in a). The peak
position for left-handed helices exhibits a red-shift from 524 nm to 545 nm.
d, The corresponding theoretical calculation predicts a 500-fold enhancement
of the signal and a peak shift from 523 nm to 534 nm. The CD spectra were
recorded at concentrations of nanohelices of 1.5 nM in a and 0.4 nM in c. The
insets in a and c show TEM images of left-handed (red frame) and right-handed
(blue frame) nanohelices (scale bars, 20 nm); the respective left-handed model
geometries are depicted in the insets to b and d.

Right-handed helix

10 nm

57 nm

34 nm16 nm

b

Staple
 Thiol-

Staple
-Thiol 

RCP

LCP

IRCP = ILCP IRCP ≠ ILCP 

a c
Left-handed helix

ΔA = ALCP − ARCP

Figure 1 | Assembly of DNA origami gold nanoparticle helices and
principle of circular dichroism. a, Left- and right-handed nanohelices
(diameter 34 nm, helical pitch 57 nm) are formed by nine gold nanoparticles
each of diameter 10 nm that are attached to the surface of DNA origami 24-
helix bundles (each of diameter 16 nm). Each attachment site consists of three
15-nucleotide-long single-stranded extensions of staple oligonucleotides. Gold
nanoparticles carry multiple thiol-modified DNA strands, which are
complementary to these staple extensions. Nanoparticles and 24-helix bundles

are mixed for assembly and the resulting constructs are gel-purified. b, TEM
image of assembled left-handed gold nanohelices (scale bar, 100 nm). Analysis
of the TEM data yields a 98% success rate for directed attachment of
nanoparticles. c, Circular dichroism is measured as the difference in absorbance
DA 5 ALCP 2 ARCP of left-hand-circularly polarized (LCP) and right-hand-
circularly polarized (RCP) light as a function of wavelength. CD measurements
were performed with a CD spectrometer on samples in cuvettes of optical path
length 3 mm.
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Figure 1.4.3. (a) surface modification of achiral metal nanoparticles in solution with chiral 
molecules leads to induced optical activity in the plasmonic resonances of the nanoparticles. 
Ref.[47] (b) Self-assembled helical arrangements of Au nanoparticles fabricated using DNA 

scaffolds. Ref.[49]  
 



 21 

antireflection coatings,[57] helical organic light-emitting diodes,[58] surface-enhanced Raman 

scattering substrates,[59] and scaffolds for chiral nematic liquid crystals,[60] among many other 

applications.  Due to their high sensitivity and reproducibility, SERS substrates fabricated by 

DSG have been investigated for commercial production.[61]  Additionally, a recent investigation 

demonstrated the feasibility of integrating DSG with roll-to-roll processing,[62] confirming the 

industrial scalability of the method.  The geometric shadowing effect underpins the DSG method 

and is straightforward to understand; the ballistic travel of vapor atoms can be blocked by 

existing structures (e.g., previously deposited material, templates, etc.) on a substrate, leading to 

material accumulating only in the regions that are not situated within these shadows.[63]  By 

precisely orienting the substrate’s azimuthal and polar angles with respect to the incoming vapor 

flux, the shadowed area can be dynamically controlled, and various nanostructures with 

controlled morphologies can be sculptured in free space.[64]   

 

 

 

 

 

 

 

 

 

 

Figure 1.5.1 (a) Diagram of the oblique angle deposition setup. (b) Diagram of initial nuclei 
formation and (c) subsequent nanorod growth. Ref.[65] 
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deposition parameters substrate temperature, deposition rate, and film thickness for silver and 

gold films was explored quantitatively, though the optical properties of these films have not been 

discussed in detail. [115] As a result, a simple and low-cost method to produce the uniform and 

tunable metal NPs for the detection of molecular or bacteria interactions is desirable. 

 

1.3 Dynamic shadowing growth 

Dynamic shadowing growth (DSG) technique has evolved from the so-called oblique 

angle deposition (OAD) and glancing angle deposition (GLAD). OAD is a physical vapor 

deposition process where the collimated deposition flux is incident onto a substrate with a large 

angle ș (typically greater than 75°) with respect to the surface normal (Figure 1.18(a)). 

 

Figure 1.18 (a) A schematic of oblique angle deposition setup. (b) and (c) Shadowing effect. 
 
 

Geometrical shadowing effect and surface diffusion are the dominant OAD mechanisms 

[5,6]. As shown in Figure 1.18(b), at the beginning of the deposition, there are random nuclei 

formed on the substrate. The adatom mobility characteristic of the material and deposition 

conditions will determine the size of the isolated nuclei: deposition with high adatom mobility 
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Tilted nanorods are one of the basic structures fabricated by DSG and serve as an 

illustrative example.  As shown in Figure 1.5.1,[65] the DSG process for tilted nanorods, called 

oblique angle deposition (OAD), depends upon a collimated vapor flux that is incident on a bare 

substrate at large angle with respect to the surface normal.  Initially, the arriving material 

accumulates into islands or nuclei that are randomly distributed along the surface of the 

substrate.  The size of these nuclei depends on the adatom mobility; faster adatoms create nuclei 

with larger diameters, while less mobile adatoms result in smaller nuclei.  As the deposition 

proceeds, the taller islands act as the shadowing centers due to the geometric shadowing effect 

and block material accumulation on the smaller islands. If the surface adatom mobility is 

sufficiently low, material will only accumulate in the regions that are not shadowed by other 

structures, enabling growth of the taller structures at the expense of the shorter ones.  This 

random and competitive process will eventually produce nanorod arrays that are tilted toward the 

vapor source at an angle that is material dependent.[66]  The OAD process only requires a static 

oblique vapor incident angle.  However, DSG considers dynamic positioning of both the vapor 

incident angle (polar angle, θ) and substrate rotation (azimuthal angle, φ).  Thus, DSG can be 

used to fabricate tilted nanorods, straight nanorods, chevrons, beaded rods, and chiral 

nanostructures, like helices (Figure 1.5.2).   

For chiral nanostructure assembly, DSG distinguishes itself from other bottom-up 

methods because it does not need to rely on the asymmetry of existing templates or constituents 

to generate structural chirality.  Instead it uses static or dynamic substrate positioning to create 

asymmetric shadows and chiral structures.  DSG fabrication of micro-/nanoscale helices on 

smooth surfaces, such as bare silicon or glass substrates, is a good example (Figure 1.4.2f).[67-

69]   The fabrication process  for these helices  begins by  tilting the  substrate at a  large angle  θ  
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with respect to the vapor flux (θ > 75°), causing the initially-nucleated material islands to cast 

large vapor shadows.  While tilted at a large θ, the substrate is also rotated azimuthally at a slow 

rate (dφ/dt, for azimuthal angle, φ) such that the dynamically changing vapor shadow from 

previously deposited material carves out a helical shape in free space, which is concurrently 

filled in by the incoming vapor atoms.  The morphological parameters of the obtained helices can 

be controlled by selecting specific values for θ, dφ/dt, and the deposition rate.  This process 

works for any material so long as it can be evaporated under high vacuum and the surface 

mobility of its adatoms is slow.[70]  For materials with high surface mobilities, the surface 

diffusion of adatoms will overcome the shadowing effect and prevent 3D sculpturing.  

Figure 1.5.2. Examples of electron micrographs of typical nanorods prepared by DSG: (a)  
vertically aligned Si nanorod array; (b) nanorods with different shapes; (c) Si nanospring 

array; (d) bead-like multilayer Si array; (e) multilayer array of nanosprings and nanorods; 
(f) a regular array of Si nanosprings grown on W-plugs; (g) bundle of Si/Ni multilayer 
nanosprings; (h) Ag nanoparticle decorated MgF2 nanorod; and (i) Ag nanorod array 

deposited onto a tapered fiber where the inset shows the tapered fiber. Ref.[64] 
 

nanostructures has not been reviewed. In this review, we will

demonstrate that DSG/GLAD can design both compositionally

and morphologically complex nanostructures simultaneously by

combining the advantages of geometrical shadowing design,

multilayer deposition, and co-deposition.

2. Design multilayer nanostructure arrays

During DSG/GLAD, by changing the source materials, one can

design multilayer heteronanostructures in a multi-source depo-

sition system. Essentially, the multilayer DSG/GLAD technique

combines DSG/GLAD with multilayer deposition. The multi-

layer deposition process provides a chance to program the spatial

distribution of different materials, while the DSG/GLAD

provides a method to tailor the morphology of the nano-

structure. There are basically two strategies to fabricate multi-

layer DSG/GLAD nanostructures by alternately changing the

deposition source materials with/without the substrate rotation:

(1) keep the large deposition angle a so that the upper layer of

nanorods grows directly on the tips of individual underlayer

rods, due to the shadowing effect, to form multilayer hetero-

nanostructure arrays;49,57,138 (2) change the deposition angle from

a large a to near normal a < 45! so that one can coat a layer of

other materials onto the top and/or side(s) of individual nano-

rods to form (top or side) coated and core–shell nanorod

arrays.50–53,81,135,139 The following will examine the designed and

fabricated multilayer heterogeneous and side-coated nano-

structure arrays by multilayer DSG/GLAD.

2.1. Multilayer heteronanostructure arrays

The typical multilayer heteronanostructure arrays that can be

made by DSG/GLAD are shown in Fig. 3. The general fabri-

cation process is described as follows: first grow a layer of

nanorods using material A to a desired length by GLAD, then

change the material A to material B and grow a layer of B

nanorods on top of individual A rods at the same deposition

angle a using the tip of each A rod as a nucleation center for B

rod growth. By repeating the steps but alternating materials A

and B, the desirable multilayer heteronanorod structures can be

designed. At the same time, by properly controlling the

azimuthal substrate rotation, one can also program the

morphology of the heteronanostructures into straight (Fig. 3a),

zigzag (Fig. 3b), and helical (Fig. 3c) shapes. Specifically (1) to

grow straight multilayer nanorods (Fig. 3a), the substrate

remains with the same azimuthal rotation speed uf during

deposition with alternating materials A and B. Tilted nanorods

are formed at uf ¼ 0 rpm and vertical nanorods are formed at

fast azimuthal substrate rotation with a large uf/r ratio (r is

the deposition rate), which also depends on the materials; (2) to

form zigzag shaped multilayer nanorods (Fig. 3b), both A and B

tilted nanorods are deposited alternately on a stationary

substrate (uf ¼ 0 rpm) but with different azimuthal angles f,

Fig. 2 Examples of electron micrographs of typical nanorods prepared by DSG/GLAD: (a) a vertically aligned Si nanorod array; (b) nanorods with

different shapes;12 (c) a Si nanospring array; (d) a bead-like multilayer Si array; (e) a multilayer array of nanosprings and nanorods;60 (f) a regular array

of Si nanosprings grown on W-plugs;61 (g) a bundle of Si/Ni multilayer nanosprings;49 (h) Ag nanoparticle decorated MgF2 nanorod;29 and (i) a Ag

nanorod array deposited onto a tapered fiber where the inset shows the tapered fiber.65 The permissions for the reproduction of the images will be

requested.
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Unfortunately, noble metal adatoms typically exhibit fast surface diffusion, making them 

incapable of forming helices at room temperature using DSG.  However, as will be described 

below, this problem has been overcome, and DSG fabrication of chiral plasmonic helices has 

been demonstrated (Figure 1.5.3).[29, 71, 72]  The DSG process is spontaneous, and therefore, 

the obtained helical nanostructures will normally be randomly distributed on the surface of a 

smooth substrate with an average inter-helix spacing.  Thus, DSG is often used in conjunction 

with patterned substrates or templates to create well-defined lattices of nanostructures, such as 

helices.[68, 73]   

The use of templates for DSG processes can not only provide a regular array of 

nucleation centers to create well-defined lattices of nanostructures, but also can provide 

distinctive shadowing profiles to generate unique arrays of chiral nanostructures.  Such chiral 

nanostructures have been generated using various templates, such as lithographically produced 

PMMA pillars,[74] colloidal nanohole arrays,[75, 76] hydrothermally grown ZnO 

nanopillars,[77] and self-assembled colloidal nanosphere mononlayers.[78, 79]  While each of 

these template methods offers intrinsic benefits, the use of self-assembled colloidal nanosphere 

monolayers (SACMs) is a particularly attractive method because its simplicity and scalability 

complement the DSG technique and the hexagonal close packed (HCP) lattice of spheres offers 

distinctive and desirable shadowing properties.  Therefore, this dissertation describes several 

new strategies that use DSG and the asymmetric shadowing of SACM templates to generate 3D 

chiral plasmonic structures.  These structures, such as chiral patchy particles, helically stacked 

plasmonic layers, and Swiss rolls, can be quite different geometrically from traditional helices, 

but similar to helices, they exhibit chirality in all three dimensions (Figure 1.5.3).   
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In this dissertation, we highlight these new DSG methods to generate films of 3D chiral 

micro-/nanostructures with tunable visible to near-infrared optical activities.  Specifically, we 

describe DSG plasmonic helices and DSG chiral motifs utilizing self-assembled colloidal 

monolayers to generate unique chiral structures.  We demonstrate that these films are not only 

produced in a simple and scalable manner, but that they can also exhibit significant optical 

activity and potential utility that are comparable to structures fabricated using cutting edge 

lithographic techniques. 

 

1.6 Organization of the Dissertation 

This dissertation is divided into 5 chapters.  Chapter 1 serves as an introduction to this 

dissertation.  It begins by describing the discovery and phenomena of optical activity, and then 

introduces the concepts of plasmonics and chiral plasmonics.  Additionally, the chiral optical 

properties of most materials generally arise from the coupling of the electric and magnetic 

components of light, and there are several ways to mathematically describe these effects, 

depending on the type of structure.  A brief review of the fabrication processes for chiral 

Figure 1.5.3. Examples of the chiral nanostructures fabricated by DSG highlighted in this 
dissertation, including plasmonic helices and SACM template based structures. 
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plasmonic structures is given, and the need for simple and scalable methods of chiral 

nanostructure fabrication is established.  Dynamic shadowing growth (DSG), the primary 

method used in our laboratory, is introduced along with its potential to fill this gap.  Chapter 2 

describes the DSG fabrication of composite plasmonic helices, their optical and structural 

properties, and some theoretical aspects that should be taken under consideration during the 

fabrication and analysis of chiral plasmonic structures.  In particular, an experimental method is 

developed to characterize the chiral optical properties of plasmonic thin films while avoiding 

artifacts.  Chapter 3 focuses on DSG methods that employ the use of self-assembled templates in 

order to fabricate novel chiral thin films.  Geometric measures of chirality are introduced, and 

one particular method, the angular bisection method, is described in detail and used to analyze 

chiral patchy films.  Chapter 4 addresses the topic of sensing applications of chiral plasmonic 

thin films by investigating the potential to use DSG films as chiral biosensors.  Finally, Chapter 5 

draws conclusions regarding these investigations, as well as points to future work to be done in 

this field.   
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CHAPTER 2 

 

PLASMONIC HELICES 

 

2.1 Introduction 

The interest in the interaction of metal helices with electromagnetic radiation has a long history.  

Traditionally, these interactions have been primarily applied in antenna engineering in the design 

of end fire and polarization-insensitive receivers.[80]  More recently, metal helices have been 

investigated for applications in chiral plasmonics or as chiral metamaterials, and have 

demonstrated such effects as broadband circular polarization and negative refraction.[20, 81]  

Optical applications of metal helices in the visible and near-infrared (NIR) region rely on effects 

associated with the strong resonances of localized surface plasmons of the noble metals, gold and 

silver in particular.  However, due to the three-dimensional shape and requisite small feature 

sizes, the fabrication of plasmonic helices that are active in the visible and NIR regions remains 

challenging.  Most fabrication methods to date have relied on the use of sophisticated techniques 

to generate passive templates or scaffolds that are metalized to achieve plasmonic activity.  For 

example, direct laser writing of helical cavities in positive tone photoresist, followed by 

development and electrochemical deposition of gold, has been used to produce square arrays of 

plasmonic helices that show a broadband response in the infrared region.[20]  Nanoparticle-

sensitization is another method of metalizing passive helical scaffolds in order to achieve a chiral 

plasmonic response, and optical activity has been demonstrated for both gold nanoparticle-
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functionalized silica helices and chiral polymer fibers.[82, 83]  Additionally, self-assembled 

helical superstructures of noble metal nanoparticles and biological macromolecules (e.g., DNA, 

peptides, and proteins) have shown plasmonic chiral optical properties.[48, 49, 84]  While these 

methods are certainly novel, one is consistently forced to choose between the simplicity of the 

method and the strength of optical activity in the production of plasmonic helices.  In order to 

fulfill the promise of metal helices as chiral metamaterials, a scalable fabrication method capable 

of producing plasmonic helices with significant optical activity will need to be developed.   

DSG is one method with the potential to achieve this goal, and a wide collection of 

different nanostructured thin films can be fabricated using this versatile method, including arrays 

of micro-/nanoscale helices with controllable pitch and height.[85]  Dielectric helices fabricated 

through DSG have already demonstrated significant circular polarization effects due to the Bragg 

phenomenon.[86-88]  Clearly, the incorporation of Ag and Au within the DSG technique is a 

very appealing method of fabricating plasmonic helices for chiral metamaterial applications, 

especially given the recent demonstrated potential for DSG roll-to-roll processing.[89]  

However, high mobility of surface adatoms and corresponding clusters precludes the production 

of helical structures of Ag and Au using conventional DSG;[90] kinetic growth processes 

overwhelm the shadowing effect when surface diffusion is significant, and this prevents DSG 

fabrication of asymmetric and non-equilibrium shapes, such as helices.[91]  Square Ag helices 

have been achieved using oblique angle deposition (OAD),[92, 93] a variation of DSG, but the 

assimilation of Ag or Au within the full spectrum of DSG structures has previously eluded 

researchers.  

Two distinct solutions to this issue can immediately be envisioned: one is to slow down 

the thermally induced surface mobility by lowering substrate temperatures; the other is to simply 
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coat DSG dielectric helices with plasmonic layers.[29, 71]  Recently, Mark et al. have 

demonstrated DSG noble metal helices by using a combination of liquid nitrogen substrate 

cooling and Au nanodot seeding, which reduces surface mobility and improves nucleation, 

respectively.[29]  These solid metal helices can be dispersed into a solution to obtain chiral 

metafluids that exhibit pronounced optical activity.  Furthermore, the Au nanodot seed arrays can 

be adjusted to achieve lattices of helices with different spacings, allowing the chiral optical 

response to be tuned.[94]  On the other hand, the DSG template method uses ubiquitous DSG 

dielectric helices as scaffolds for subsequent DSG noble metal coatings to create a 

plasmonically-active coating on dielectric helices,[71] thereby avoiding the kinetic limitations 

imposed by noble metals for nanohelix formation.  By changing the coating thickness and using 

different annealing treatments, Singh et al. were able to change the size and shape of the noble 

metal nanoparticles and vary the chiral optical response of the films.   

The two types of DSG plasmonic helices described above exhibit excellent chiral optical 

properties, yet are still produced in scalable, multi-step manners.  As an alternative to these 

methods, we have very recently developed a single-step method to achieve similarly remarkable 

plasmonic helices by taking advantage of composite materials using DSG and co-deposition.[72]  

Co-deposition refers to the simultaneous evaporation of two different source materials within the 

same DSG system.[64]  By controlling the relative evaporation rates of different materials during 

the deposition, doped or composite materials with specific compositions can be obtained.  These 

designed materials can be fully assimilated within the DSG technique and allow for the 

formation of plasmonic helices.  
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2.2 Composite Ti/Ag Helical Structures 

This section describes the development of a room temperature DSG process to fabricate visibly-

active plasmonic helices using a composite material.[72]  In particular, we use co-deposition and 

DSG to dope a small amount of Ti (5%/vol.) into Ag nanostructures.  This method enables small 

noble metal helix formation using DSG because Ti atoms can effectively pin the typically fast 

diffusing Ag adatoms, which increases the sticking coefficient of the adatoms and improves 

nucleation.  Six different DSG film morphologies were produced, and these are labeled STF1, 

STF2, STF3, STF4, STF5, and STF6 (note, sculptured thin film, STF).  The morphologies range 

from vertical posts to complete helices to quasi-helices, where the obtained structure type 

depended on the deposition conditions. 

 

2.2.1 Composite Ti/Ag helical structures: experimental methods 

Ti/Ag helical films fabrication: The DSG films were fabricated using a custom designed vacuum 

deposition system equipped with two electron-beam evaporation sources (Pascal 

Technology).[64]  The source materials used were Ti (99.9 %, Kurt J. Lesker) and Ag (99.995 

%, Kurt J. Lesker).  Prior to the deposition, the vacuum chamber was evacuated to a pressure of 

1×10−6 Torr, and the background pressure during the deposition was maintained at less than 

5×10-6 Torr.  Pre-cleaned quartz slides and Si wafers were used as substrates, and were loaded 

onto a holder that was positioned at 87° with respect to the vapor incident direction.  

Importantly, the holder houses six different rotating pucks, which have different gear ratios 

(73:98; 73:28; 73:8; 73:4; 73:2; 73:1), and therefore rotate azimuthally at different rates.  

Furthermore, these pucks rotate in alternating directions.  For example, if puck number one 

rotates in a clockwise sense, puck number 2 will rotate counter-clockwise, puck number 3 will 
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rotate clockwise, etc.  By placing substrates on these separate pucks, six different DSG film 

morphologies can be produced during a single deposition; these are labeled STF1, STF2, STF3, 

STF4, STF5, and STF6, where STF1 corresponds with the holder having the fastest azimuthal 

rotation rate, STF2 has next fastest, and so on.  The Ti/Ag ratio was controlled by the relative 

growth rates of Ti (0.01 nm/s) and Ag (0.19 nm/s), which were monitored independently by two 

separate quartz crystal microbalances (QCMs).  The deposition proceeded until the total 

thickness from both QCMs reached 1 µm. 

Structure and morphological characterization: The morphologies of the samples were examined 

by a field-emission scanning electron microscope (SEM, FEI Inspect F). The X-ray diffraction 

(XRD) was characterized by a PANalytical X’Pert PRO MRD X-ray diffractometer with fixed 

incidence angle of 1.5°.  The XRD patterns were recorded with Cu Kα radiation (λ = 1.5405980 

Å) in the 2θ range from 30°-80° at step size of 0.02°.  Pole figures were measured using an open 

Eulerian cradle and poly-capillary lens with ∆θ = 5° ∆ψ = 5°.     

Optical characterization:  A variable angle spectroscopic ellipsometer (M-2000, J. A. Woollam, 

Inc.) was used in transmission mode to measure the first three rows of the Mueller matrix 

describing the sample with the m11(λ) element normalized to 1.  The unpolarized transmission 

was measured by UV-visible spectrophotometer (JASCO V-570) and used to calculate both the 

unpolarized absorbance and the un-normalized m11(λ) Mueller matrix element.  The un-

normalized m11(λ) and m14(λ) elements were used to determine the selective transmission of the 

films.  The Mueller matrix was measured at several azimuthal orientations, and the m14(λ) 

element was found to be independent of azimuthal orientation. Additionally, the ellipsometry 

measurements were carried out with both the Ag coating facing the incident light and facing 

opposite the incident light, and no change in the measured m14(λ) element was observed.  These 
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observations indicate that there are no significant linear artifacts in the m14(λ) spectra.  Thus, the 

m14(λ) spectra describe only circular polarization effects.  The generalized ellipsometry 

measurements in Section 2.2.7 were made in transmission mode at normal incidence, and a 

single measurement was used for each film. 

 

2.2.2. Composite Ti/Ag helix (STF2) 

 As described above, different composite Ti/Ag helical thin films have been fabricated 

using co-deposition and DSG.  One film morphology, that of STF2, is characterized by one turn 

helical nanostructures, and will be examined in detail in this section due to the importance of the 

helical shape in regards to chirality.  Figure 2.2.1a and 2.2.1b show representative top and cross-

section SEM micrographs of the DSG-fabricated Ti/Ag composite helices, STF2.  The surfaces 

of the substrates are populated with randomly distributed helical metallic nanostructures that are 

variously sized.  The nanostructure density is found to be σ = 37 µm-2, and the individual helices 

are found to have an average height of h = 110 ± 30 nm, a radius of curvature of R = 75 ± 20 nm, 

a pitch of p = 100 ± 5 nm, and an arm radius of r = 30 ± 10 nm (see Figure 2.2.2 for parameter 

definitions).  The large distributions in the morphological parameters result from the small 

incomplete helices and bifurcations and coalescence of helical arms.  This film morphology is 

consistent with a nanostructure growth mechanism determined by both surface diffusion and 

atomic shadowing.  Thus, while surface diffusion effects remain, the addition of a small quantity 

of Ti vapor flux (5 %/vol.) enables the generation of helical nanostructures via the shadowing 

effect at room temperature, where, under identical conditions, a pure Ag vapor flux does not (see 

Section 2.2.4 for pure Ag experiment).   
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X-ray diffraction (XRD) measurements of STF2 were performed in order to confirm the 

material phase of the Ti/Ag helices. The obtained diffraction peaks (Figure 2.2.1c) are consistent 

with the diffraction pattern of oriented polycrystalline fcc Ag (JPCDS No. 00-004-0783).  The 

XRD measurements do not reveal any contribution from Ti, although the overlap of the Ti (002) 

peak by the Ag (111) peak could obscure its contribution.  As shown in the pole figures in 

Figure 2.2.1d, STF2 was found to grow with a (111) fiber texture.  The intensity pattern of the 

(111) pole has a distinctive chiral shape that is consistent with the left-handed helical structure of 

the  Ti/Ag  material.  These results agree with the typical  growth mode of  Ag thin films,  which,  
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Figure 2.2.1. (a) Top view and (b) cross-section SEM images of the Ti/Ag composite helical 
films.  (c) X-ray diffraction pattern of the Ti/Ag films. The diffraction peaks are labeled and 
correspond with fcc Ag. (d) Ag (111) pole figure of the film, showing a (111) fiber texture.  

The asymmetry of the texture is the result of the helical structure of the film. 
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like most fcc metals, exhibits a preferred [111] growth direction.[95]  Thus, although the 

addition of Ti does significantly change the morphological growth of Ag, it does not appreciably 

change the crystalline structure.  Indeed, the XRD results for pure Ag films are very similar to 

Figure 2.2.1c (see Section 2.2.4). 

The mechanisms by which Ti affects nanostructure growth at room temperature are not 

straightforward and could be the result of several factors.  Ti is traditionally used as an adhesion 

layer or seed layer for other metals on metal oxide substrates.[96]  The improved adhesion and 

nucleation from Ti are generally attributed to improved wetting, where the deposited metal can 

easily wet the metallic Ti surface and Ti can wet the metal oxide surface due its affinity for 

oxygen binding.[97]  For the composite Ti/Ag structures, this buffer effect might play a role in 

increasing the initial nucleation rate and reducing the critical nucleation radius, but as growth 

proceeds the substrate/material interface becomes less important and Ti must act to reduce 

kinetic processes such that the atomic shadowing effect becomes dominant.  Reduced mobility of 

Ag due to the presence of a Ti adhesion layer has been observed before and has been found to 

Figure 2.2.2. Schematic depicting the chiral nanostructure morphological parameters: height 
(h), diameter (d), radius of curvature (r), and pitch (p). 
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depend strongly on the size, shape, distribution and oxidation state of the Ti atoms and 

clusters.[98]  Alternatively, the effect of Ti on Ag during DSG growth can be understood by 

impurities-induced changes to the structure zone model of thin film growth.[99]  Impurities that 

are not soluble in the lattice (e.g., excess Ti atoms and Ti atoms that have reacted with residual 

gases) are segregated to grain boundaries and growth surfaces, increasing nucleation and 

reducing grain size, coalescence, and grain boundary migration.[100]  That is, an increase in 

impurity concentration has the same effect on film growth as does a reduction in the homologous 

temperature, Th = Ts/Tm, where Ts and Tm are the substrate and material melting temperature, 

respectively.  Th is a critical factor in determining the structure zone model of DSG film 

morphology.[70]  In particular, Th < 0.24 favors the production of rods that can be sculpted into 

helical shapes.  Similar to the Ti/Ag composite films, an effective reduction in Th  and promotion 

of rod formation due to Ti-doping has been observed in Mg films fabricated using OAD.[101]      

 The optical properties of STF2 were further investigated through both unpolarized 

transmission spectroscopy and Mueller matrix transmission ellipsometry.  As shown in Figure 

2.2.3a, the unpolarized transmission spectrum has a broad valley over wavelengths λ ≈ 400 – 

1400 nm and reaches a minimum at λ ≈ 540 nm.  This broadband loss in transmission is 

attributed to the excitation of localized surface plasmon resonances of the Ti/Ag nanostructures 

of STF2, including contributions from both variously-sized helical structures and Ti/Ag islands 

of different shapes and sizes that ceased growing due to the competitive nature of DSG.[102-

104]  The difference in transmission between left and right circular polarized light (LCP and 

RCP, respectively) is determined from the m14 Mueller matrix element that is measured using 

transmission ellipsometry (Figure 2.2.3b).  Similar to the plasmonic resonances, the optical 

activity is broadband and extends beyond the measurement range of the instrument.  For λ < 650 
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nm, the  films transmit  LCP  light  more  efficiently  than  RCP,  while for  λ > 650 nm, the films 

transmit RCP light more efficiently.  The circular polarization selectivity is greater at longer 

wavelengths, with the difference in transmission exceeding 10% for λ ≈ 1000 nm.  In order to 

directly compare the optical activity of STF2 with other DSG plasmonic helices and structures, 

we calculated the anisotropy factor, g = ΔA/A, for the films, where ΔA is the difference in 

extinction between LCP and RCP light and A is the unpolarized extinction.[71]  As shown in 

Figure 2.2.3b, the magnitude of g is quite large, with |g| > 0.3 for λ ≈ 460 – 560 and 800 – 1000 

nm and g = -0.39 for λ ≈ 500 – 520 nm.  These g-factors are significantly larger than those of the 

metal nanoparticle-coated dielectric DSG helices, which have anisotropy factors of g ≈ 0.2.[71] 

Additionally, these g-factors exceed those of DSG-fabricated chiral Au nanoshells coated on 

ZnO pillars.[77]  

 

 

Figure 2.2.3. (a) Unpolarized UV-Vis-NIR transmission spectrum of the helical Ti/Ag 
composite film. (b) The circular polarized differential transmission spectrum (black curve, left 

ordinate axis) and the anisotropy factor, g, plotted as a function of wavelength (red curve, 
right ordinate axis). 
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2.2.3. Composite Ti/Ag helix: FDTD simulations 

Finite-difference-time-domain (FDTD) simulations were performed in order to better understand 

the origin of the optical activity in the composite Ti/Ag helices of STF2.  The simulated structure 

consists of left-handed metallic helices, which, as an approximation of the DSG film, are placed 

in a rectangular array with lattice spacing a.  It is assumed that Ti (5%/vol.) has a negligible 

effect on the measured optical properties of the helices and a modified Debye-Drude model 

approximation of pure Ag is used for the calculation.[105]  Figure 2.2.4a shows the simulated 

circular polarized transmission spectra of an array of helices with a = 300 nm; R = 65 nm, r = 25 

nm, h = 100 nm, and p = 100 nm.  The single pitch metallic helix has several resonances over 

wavelengths  λ = 400 – 2000 nm in the different spectra.   These different resonances  correspond 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.4. (a) Circular polarized transmittance of an Ag helix (N = 1) calculated by 
FDTD. Note that T(RCP→LCP) (red curve) is completely overlapped by T(LCP→RCP) 
(green curve) and is not visible in the plot.  The labels b – e correspond with the different 

plasmonic modes illustrated in figures (b) – (e).  Here the arrows represent the direction of 
current flow at a particular instant in time.  (f) Comparison of the g-factor obtained in 

experiment and calculated using FDTD by averaging different helices.    
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with the excitation of different plasmonic modes within the helices.[104]  These modes are 

similar to standing waves and are illustrated in Figures 2.2.4b – 4e, which show a snapshot of 

the direction of current flow within a helix at the different excitation wavelengths.  The lowest 

energy mode at λ ≈ 1360 nm corresponds with the fundamental mode having zero nodes, and, as 

the excitation energy increases, the number of nodes increases in integer steps.  Importantly, 

while both RCP and LCP are able to excite each of these modes, a specific handedness of 

circular polarization produces a stronger coupling at each resonance, leading to a circular 

polarization selectivity that is a function of wavelength.  Thus, the simulated helices transmit 

RCP more efficiently for λ > 600 nm and transmit LCP more efficiently for λ < 600 nm.  These 

observations are consistent with previous studies of plasmonic metal helices.[102, 106]   

It is important to note that the resonance wavelengths of the array exceeds the bounds 

given by traditional antenna theory for metal helices, i.e., λ ∈ 2πR{3/4, 4/3} , because the 

structures do not conform to the traditional assumptions of R >> r and N > 3, where N is the 

number of pitches.[80]  Therefore, the resonance wavelengths of the helical array may depend 

significantly on other morphological parameters in addition to R, such as p, r, and h.[106]  Due 

to the statistical distribution of morphological parameters in shadowing growth as revealed by 

Figure 2.2.1, the Ti/Ag helices exhibit a broad optical response as seen in Figure 2.2.3.   All of 

these parameters should contribute to the broadening of the experimental transmission loss, but it 

is expected that the primary means of broadening arises from incomplete helices, which is 

intrinsic to DSG growth due to the ongoing competition from atomic shadowing growth.  In 

other words, the fastest growing Ti/Ag helices will persist in accumulating material throughout 

DSG growth, while the slower growing ones eventually fall into the vapor shadow and cease 

growing, leading to a film with a distribution in h and, equivalently, a distribution in N.  
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Therefore, in order to effectively model our experimental results, we fix the parameters of the 

helices, a = 300 nm; R = 65 nm, r = 25 nm, and p = 100 nm, and then vary the pitch number, N = 

0.5 – 1.5.  The film’s response can then be approximated as the average response of all these 

helices.  The resulting curve is plotted in Figure 2.2.4f alongside the experimental result, and the 

agreement is quite good.  These FDTD simulations confirm that the results are consistent with 

previous reports of plasmonically active helices, and they also indicate that the experimental 

optical properties of the composite Ti/Ag helical films can be described by an average response 

of pure Ag helices with a distribution in N. 

 

2.2.4 Pure Ag experiment 

In order to demonstrate the importance of the effect of Ti on the morphological growth of Ag 

during DSG, we fabricated pure Ag DSG films using identical parameters as used for the 

composite Ti/Ag helix, STF2, except that we increased the deposition rate of Ag to maintain a 

total deposition rate of 0.2 nm/s.  Figures 2.2.5a and 2.2.5b show the top-view and cross-section 

SEM images of the as-deposited Ag DSG films.  Clearly, the morphologies of the individual 

pure Ag nanostructure are very different from STF2 (Figures 2.2.1a and 2.2.1b).  Most Ag 

nanostructures have a symmetric, equiaxed grain morphology, consistent with growth affected 

by high surface diffusion.  A few nanostructures do appear to have a slight twist or kink along 

their length when viewed in the cross-section image.  Figure 2.2.5c shows the XRD pattern of 

the pure Ag DSG films, and the peaks are consistent with those of oriented polycrystalline fcc 

Ag (JPCDS No. 00-004-0783).  The diffraction pattern is similar to the pattern obtained for the 

STF2 films (Figure 2.2.1c), except that the peaks are much sharper for the pure film.  This 

indicates smaller crystalline domains and/or more non-uniform strain within the crystalline 
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lattice for the composite structure, both which is expected for composite/doped materials.  In 

measuring the Mueller matrix ellipsometry of the pure Ag DSG films, we found the m14 element 

was non-zero over the measured wavelengths, indicating circular polarization anisotropy (note, 

TLCP – TRCP  =  -2 m14).  However, the magnitude of the selective circular polarized transmission 

is significantly smaller than that for STF2 (Figure 2.2.1d).  This circular polarization anisotropy 

in the pure Ag DSG films might arise from kinked or slightly twisted nanostructures, similar to 

those seen in Figure 2.2.5b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.5. (a) Top-view and (b) cross-section SEM images of the pure Ag DSG films. (c) 
XRD diffraction pattern of the pure Ag film.  The diffraction peaks are labeled, as are the 
extra peaks associated with Cu Κβ radiation.  (d) m14(λ) spectra for the pure Ag and Ti/Ag 

composite DSG films.    
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2.2.5 Composite Ti/Ag vertical posts, helices, and quasi-helices 

As described in Section 2.2.1, six different nanostructured composite Ti/Ag films, STF1, STF2, 

STF3, STF4, STF5, and STF6, have been fabricated, and each has a different morphology.  

Representative SEM images of these films are shown in Figures 2.2.6a – 1f.  It can be seen that 

the nanostructure morphologies of STF1 (Figure 2.2.6a) resemble conical, vertical posts, which 

are characteristic of DSG using a relatively fast azimuthal rotation rate and with a fast adatom  
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Figure 2.2.6. (a) – (f) Top-view and cross-section SEM images of STF1, STF2, STF3, STF4, 
STF5, and STF6, respectively.  The coordinate system inset in each image depicts the 

approximate axes of the generalized ellipsometry measurements.  The direction of light 
propagation, or the z-axis, points into the page. 
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Table 2.2.1. Morphological parameters of the individual chiral nanostructures 

 Height, h 
(nm) 

Diameter, d 
(nm) 

Radius of 
Curvature, r 

(nm) 

Pitch, p 
(nm) 

Pitch 
Number, N 

STF1 160 ± 60 80 ± 60 ---------- ---------- ---------- 
STF2 110 ± 30 70 ± 30 90 ± 20 100 ± 5 1.1 ± 0.3 
STF3 240 ± 20 100 ± 70 260 ± 30 560 ± 50 0.43 ± 0.05 
STF4 200 ± 50 80 ± 30 540 ± 20 900 ± 200 0.22 ± 0.07 
STF5 200 ± 20 80 ± 30 1120 ± 90 1900 ± 200 0.11 ± 0.02 
STF6 220 ± 20 60 ± 30 2000 ± 200 4200 ± 400 0.052 ± 0.007 

 

mobility.[70]  These nanostructures are comparatively achiral and have very little shape 

anisotropy along the substrate plane.  In comparison, the nanostructure morphologies of STF2 

resemble helices as discussed above, while the morphologies of STF3, STF4, STF5, and STF6 

resemble slanted, curved posts or quasi-helices.  Thus, STF2 through STF6 are described by 

chiral nanostructures with increasing and aligned shape anisotropy within the substrate plane.  

These nanostructures are consistent with DSG growth having a decreasing azimuthal rotation 

rate.  The average morphological parameters, height (h), diameter (d), radius of curvature (r), 

pitch (p), and pitch number (N = h/p) are defined in Figure 2.2.2, and the results for the different 

films are listed in Table 2.2.1.  In general, these plasmonic films have highly aligned 

nanostructures and varying degrees of chiral and linear anisotropies arising from their 

morphologies.  These mixed anisotropies will result in a nontrivial polarization-dependent 

optical response.  The optical response of STF1 – STF6 will be discussed in greater detail in 

Section 2.2.7, after the development of an ellipsometric method for the extraction of the different 

optical parameters of aligned chiral films. 
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2.2.6 Experimental parameter retrieval of aligned chiral films using ellipsometry 

Here, and very often in the literature, the materials under investigation use highly aligned chiral 

nanostructures.  Unfortunately, the use of aligned chiral structures becomes problematic for 

polarization-dependent optical measurements, such as circular dichroism (CD) spectroscopy, 

because linear anisotropy resulting from structural alignment can introduce artifacts in circular 

polarization measurements.[107]  These artifacts complicate experimental analysis and can 

obscure measurement of the true chiral plasmonic properties.  The most popular method to 

account for these linear artifacts, known as the “front and back” method,[40] involves making 

CD measurements through both the front and back of the sample and then taking the average.  

However, this method may be difficult to implement for some experimental situations (e.g., in 

situ, time-resolved or real time measurements), and worse, it may not give accurate results.[108]  

The inaccuracy associated with the front and back method may not only arise from experimental 

considerations such as small sample size and non-uniformity, but also because anisotropies may 

not be additive for strong signals; therefore, averaging will not cancel out the linear effects. 

Thus, a simple method for reliably extracting and analyzing the circular polarization parameters 

of aligned or anisotropic chiral plasmonic structures is needed. 

 Spectroscopic ellipsometry measures the change in polarization state of light, as a 

function of wavelength, upon transmission or reflection from a sample.[109]  Note that some 

references in the literature make the distinction between measurements made in reflection or 

transmission, calling the former ellipsometry and the latter polarimetry; this distinction is not 

considered here.  Commercial ellipsometry instruments are available, and the technique has long 

been used for thin film analyses.[110]  Among different ellipsometry measurement strategies, the 

generalized    ellipsometry   technique   expands   upon   conventional   ellipsometry   to   include  
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Table 2.2.2. Retardances and absorbances: notation and definitions 
Effect Symbol Definitiona 

Mean refractive index ñ 2π[(nx + ny)l/λ0] 
Mean absorbance Ã ln10(Ax + Ay)/2 
(x – y) linear birefringence LB 2π[(nx – ny)l/λ0] 
(x – y) linear dichroism LD ln10(Ax - Ay)/2 
45° linear birefringence LB’ 2π[(n45 – n135)l/λ0] 
45° linear dichroism LD’ ln10(A45 – A135)/2 
Circular birefringence CB 2π[(n- – n+)l/λ0] 
Circular dichroism CD ln10(A- – A+)/2 
awhere n is the conventionally defined refractive index; A is the standard absorbance in the base 
e; l is the path length through the sample; λ0 is the vacuum wavelength of light; and the 
subscripts refer to the polarization direction of light as x, y, 45° to the x-axis, 135° to the x-axis, 
right circular (+), or left circular (-). 
 

measurement of the normalized off-diagonal Jones matrix elements of an optical system.[111]  

Thus, generalized ellipsometry is ideal for the characterization and analysis of homogenous, 

anisotropic samples.  As described in Appendix A, a complete Jones matrix is a comprehensive 

description of a non-depolarizing optical system.[112]  Notably, when an optical system or 

sample contains a combination of linear and circular anisotropy, the individual Jones matrix 

elements are a product of these different retardances and absorbances, whose individual 

magnitudes can be obtained through matrix decomposition or inversion in certain cases.[113-

115]  Recently, Arteaga and Canillas described an analytical method for such an inversion that 

permits the direct extraction of (x – y) linear birefringence and dichroism (LB and LD), 45° 

birefringence and dichroism (LB’ and LD’), and circular birefringence and dichroism (CB and 

CD) from a single Mueller-Jones matrix, experimentally measured using a custom two-

modulator generalized ellipsometer (these various retardance parameters are defined in Table 

2.2.2.[115]  This analytical method can easily be extended to encompass the inversion of 

generalized ellipsometry spectra obtained through ellipsometers with a single compensator, thus 
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providing a readily available method for extracting and analyzing the circular polarization 

properties of aligned or anisotropic chiral plasmonic structures.[116] 

In particular, by using a spectroscopic ellipsometer in transmission mode, one can obtain 

the normalized Jones matrix, J: 

 J = txx
1 txy/txx

tyx/txx tyy/txx
= txx

1 tan  ψxye
iΔxy

tan  ψyxe
iΔyx tan  ψyye

iΔyy
, (2.2.1) 

where txx, tyy, txy, and tyx are the complex transmission coefficients for orthogonal directions, x 

and y, and ψij and Δij are the conventional generalized ellipsometric parameters, ψij = tan-1⏐tij  ⁄ 

txx⏐ and Δij = arg⏐tij  ⁄ txx⏐ for i, j = x, y, which describe the amplitude ratios and phase 

differences, respectively, for x- and y-polarization upon transmission through a sample.   

Note that there are different conventions associated with normalization, range of Δ, and 

signs that will need to be considered when using experimentally obtained data.  There are two 

main ellipsometry conventions that need to be taken into account when extracting the anisotropic 

optical properties of samples using generalized ellipsometry.  The first arises from the different 

sign conventions from optics or physics. The optics community typically uses N = n – ik for the 

refractive index, while the physics community uses N = n + ik. These correspond with 

ellipsometric parameters as ρ = tanψ eiΔ or ρ = tanψ e-iΔ, respectively. See Appendix 2 of Ref. 

[109] for further details. The second convention concerns the normalized Jones matrix obtained 

through ellipsometry. The Jones matrix shown in Equation (2.2.1) is normalized by a single 

diagonal element, in this case txx. Some ellipsometry companies (e.g., J.A. Woollam) use the 

convention where the off-diagonal element is normalized by the diagonal element within the 

same column (i.e., tyx/txx and txy/tyy). Conversion between these different conventions only 

requires multiplication and division. 
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As mentioned above, a Jones matrix can be parameterized by the various polarization 

dependent birefringence and dichroism values:[107, 115]  

 J = e-iχ/2
cos T

2
− iL
T
sin T

2
(C!iL')
T
sin T

2
-(C!iL')
T

sin T
2

cos T
2
+ iL
T
sin T

2

, (2.2.2)  

where χ = 2(ñ – iÃ), T = (L2 + L’2 + C2)1/2, L = LB – iLD, L’ = LB’ – iLD’, C = CB – iCD, and ñ 

and Ã are the mean refractive index and mean absorbance, respectively (Table 2.2.2).  Following 

the method of Arteaga and Canillas, we identify parameters in Equation (2.2.1) with the 

parameters in Equation (2.2.2): 
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sin T
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= K
1 tan  ψxye

iΔxy

tan  ψyxe
iΔyx tan  ψyye

iΔyy
, (2.2.3) 

where K is a complex constant. The following relationships are determined by solving the 

systems of equations created by combining the different matrix elements: 

     LB   =   Re[iΩ(1−   tan  ψyy  e
iΔyy)],                    (2.2.4) 

             LB'   =   Re[iΩ(tan  ψxy  e
iΔxy +   tan  ψyx  e

iΔyx)],                  (2.2.5) 

   CB   =   Re[Ω(tan  ψxy  e
iΔxy −   tan  ψyx  e

iΔyx)],            (2.2.6) 

   LD   =   −Im[iΩ(1−   tan  ψyy  e
iΔyy)],             (2.2.7) 

             LD'   =   −Im[iΩ(tan  ψxy  e
iΔxy +   tan  ψyx  e

iΔyx)],           (2.2.8) 

   CD   =   −Im[Ω(tan  ψxy  e
iΔxy −   tan  ψyx  e

iΔyx)],           (2.2.9) 

      Θ =    [tan  ψyy  e
iΔyy − (tan  ψxy  e

iΔxy   tan  ψyx  e
iΔyx)]!1/2,            (2.2.10) 

where Ω   = T Θ  /(2 sin[T  /2])  and T   = 2  cos!1[Θ(1+ tan  ψyy  e
iΔyy)/2] .  Equations (2.2.4) – 

(2.2.10) provide a direct relationship between the generalized ellipsometry parameters and the 

birefringent and dichroic properties defined in Table 2.2.2.   
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It is important to note that most aligned chiral films (e.g., DSG films) will show a 

mixture of anisotropies, meaning that each film is generally defined by elliptical birefringence 

and dichroism, i.e., the eigenpolarizations are neither linear nor circular.  Therefore, it is 

convenient to define a generalized retardance vector, T = (L, L’, -C), which has absolute 

magnitude |T| = (LB2 + LD2 + LB’2 + LD’2 + CB2 + CD2)1/2 in order to quantify and assess the 

total anisotropy of the individual films.  For circular polarization applications it is also useful to 

consider the magnitude of circular retardance normalized by the magnitude of total anisotropy, 

CT = |C|×|T|-1, which quantifies the degree of circular polarization of the transmitted light. 

From the discussion above it is clear that there are distinct advantages to using 

generalized ellipsometry for polarization-sensitive optical measurements, especially for the 

characterization of highly aligned chiral plasmonic nanostructured thin films.  In particular, all of 

the retardances can be quantified using a single generalized ellipsometry measurement.  This is a 

significant improvement over typical CD spectroscopy methods, which require at least two 

separate measurements and may not provide accurate results.  Furthermore, because the total 

polarization anisotropy is measured through generalized ellipsometry, interesting and useful 

phenomena of chiral plasmonic nanostructures can be observed that might go unnoticed by 

solely measuring CD spectroscopy.  For example, the polarization eigenstates of different films 

can be effectively measured. 

 

2.2.7 Extracted optical parameters of STF1 – STF6 

The generalized ellipsometry spectra of the Ti/Ag composite films were measured using a 

commercial ellipsometer in transmission mode at normal incidence, and then the polarization 

dependent retardances and absorbances were extracted from these measurements using Equations  
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(2.2.4) – (2.2.10).  These results are plotted in Figure 2.2.7.  The measured linear birefringence-

dichroism pairs (LB-LD and LB’-LD’) are consistent with expectations given the nanostructure 

morphology and alignment with the experimental coordinate system (Figure 2.2.6). For 

example, the nanostructures of STF5 are primarily aligned with the x-axis, and therefore show 

the most significant LB and LD (Figures 2.2.7a and 2.2.7d), with LB ~ 1.1 at wavelength λ ~ 600 

nm and LD ~ 1.4 at λ ~ 1000 nm.  On the other hand, the nanostructures of STF4 and STF6 are 

very much in congruence with the 45°-axis, and therefore have relatively small values for LB and 

LD but have large values for LB’ and LD’, LB’  > 1 at λ = 600 nm and LD > 1.2 at λ = 1000 nm 

(Figures 2.2.7b and 2.2.7e).  In comparison, the nanostructures of STF1, STF2, and STF3 have a 

higher degree of symmetry with respect to both the x- and 45°-axes and therefore have smaller 

values for LB, LD, LB’, and LD’ than the more anisotropic films.  As shown in Figures 2.2.7c 
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Figure 2.2.7 Retardances and absorbances extracted from generalized ellipsometry 
measurements of the Ti/Ag chiral films: (a) – (c) Linear, 45°, and circular birefringence 

spectra, and (d) – (f) Linear, 45°, and circular dichroism spectra, respectively. 
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and 2.2.7f, the films with helical or quasi-helical morphologies, STF2 through STF6, exhibit 

significant circular polarization effects, as expected, while the vertical posts of STF1 show very 

slight CB and CD.  Due to its small radius of curvature and full helicity, STF2 shows a 

characteristic bisignate CD response over the measured wavelengths.  STF3 through STF6 show 

broadband CD peaks that alternate between positive and negative, in agreement with the 

alternating handedness of their helicities.  Interestingly, STF4 is a quarter-turn quasi-helical film 

and has stronger CB and CD than STF2 and STF3, which contain full-turn and half-turn helices, 

respectively.  This result is surprising.  However, a number of factors can contribute to the large 

obtained CB and CD magnitudes of STF4.  Plasmonic optical activity can be enhanced not only 

by a highly chiral shape, but also through efficient coupling with the incident light and between 

adjacent nanostructures and also through efficient mixing of different plasmonic modes.[33] 

Additionally, recent studies have demonstrated that noble metals shaped into arcs or incomplete 

helices can exhibit substantial plasmonic optical activity.[75, 117]   

It is important to note that like most aligned chiral films, all of the chiral Ti/Ag films 

show a mixture of anisotropies, meaning that each film is generally defined by elliptical 

birefringence and dichroism, i.e., the eigenpolarizations are neither linear nor circular.  

Therefore, it is useful to analyze the generalized retardance vector, T = (L, L’, -C), which has 

absolute magnitude |T| = (LB2 + LD2 + LB’2 + LD’2 + CB2 + CD2)1/2 in order to quantify and 

assess the total anisotropy of the individual films.  As shown in Figure 2.2.8a, |T| generally 

increases for STF1 through STF6, as the nanostructure morphology changes from vertical post-

like to helical to quasi-helical, i.e., as the nanostructures exhibit increasing shape anisotropy 

along the substrate plane.  For circular polarization applications it is also useful to consider the 

magnitude of circular retardance normalized by the magnitude of total anisotropy, CT = |C|×|T|-1,  
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which quantifies the degree of circular polarization of the transmitted light.  The results for the 

different chiral Ti/Ag films are shown in Figure 2.2.8b.  Remarkably, STF2 has CT ~ 1 for 

wavelengths 550 nm ≤ λ ≤ 650 nm, indicating that the anisotropy is purely circular in that region.  

Though STF2 does not exhibit the greatest values of CB or CD of the films examined in this 

report, it does have among the highest reported values of optical chirality,[72] and it will transmit 

circular polarized light without polarization conversion over 550 nm ≤ λ ≤ 650 nm, making it 

ideal for device applications.  By comparing the morphological parameters from Table 2.2.1 with 

Figure 2.2.8b, it is clear that CT increases with pitch number, N, of the quasi-helical Ti/Ag films.  

In fact, CT is approximately equal to the pitch number for N ≤ 1 and λ ≥ 650 nm, as shown in 

Figure 2.2.8c, which plots CT at λ = 650 nm versus N for the quasi-helical films.  These results 

illustrate the possibility of designing chiral plasmonic structures with specific elliptical 

polarization eigenstates over a large region of wavelengths.   
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Figure 2.2.8. (a) The magnitude of the generalized retardances, |T|, of the Ti/Ag chiral films, 
and (b) the normalized magnitude of the circular retardance, CT = |C|×|T|-1.  (c) Plot of CT at 

λ = 650 nm versus pitch number, N. 
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2.2.8 Composite Ti/Ag helical structures: conclusions 

In conclusion, we leverage the concept of composite materials in order to overcome the 

challenges to the fabrication of plasmonic helices that are optically active in the visible 

wavelength region.  That is, by combining Ag with a small quantity of Ti in vapor form, a new 

material with reduced adatom surface diffusion compared to pure Ag is created, allowing it to be 

sculptured into helices using a straightforward DSG process, yet the final film still retains the 

exceptional optical properties of Ag.  This is because the small quantity of Ti greatly alters the 

morphological growth of Ag, but does not significantly affect the crystalline structure.  The 

achieved films exhibit large circular birefringence and dichroism in addition to large linear 

anisotropy, and some of these films rank among the most optically chiral films to date.  

Furthermore, the results demonstrate that the polarization eigenstates can be effectively tuned 

from purely circular to approximately linear by changing the pitch number, N, of the plasmonic 

helices for N ≤ 1.   

While in this case the benefits of a Ti/Ag composite has been demonstrated for the 

physical vapor deposition of chiral plasmonic films, surface diffusion and nucleation of Ag are 

critical factors in most nanofabrication methods,[118] and atomic diffusion is also important in 

such material phenomena as electromigration and the Kirkendall effect.[119-121]  Therefore, the 

demonstration of a material with the exceptional properties of Ag but with reduced surface 

diffusion and increased nucleation could benefit other fabrication methods and find other 

applications beyond optics. 
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2.3 Composite Ag/MgF2 Helices 

Optical loss in plasmonic metamaterials is a challenge that must be overcome before some 

practical devices can be realized.[122]  A simple way to reduce the losses associated with 

plasmonic materials is just to use less plasmonic materials by creating composite nanostructures 

where a portion of the noble metal has been replaced by a transparent dielectric.  In spite of using 

less plasmonic material, optimized composite structures can exhibit significant optical 

activity.[71]  An additional benefit of using noble metal/dielectric composite materials for DSG 

fabrication is that one can also take advantage of the slow adatom diffusivity of dielectrics to 

generate nanohelices.  For example, by simultaneously evaporating MgF2 and Ag, where MgF2 is 

the major constituent of the vapor atoms, it is possible to create a transparent, helical MgF2 host 

environment using DSG, but still retain the plasmonic effects due to the presence of Ag.[123]   

The well-behaved growth properties of MgF2 are not significantly affected by the presence of a 

small amount of Ag.  Similarly, as Ag is incorporated into the growing MgF2 helix, it segregates 

into isolated Ag nanoparticles both within and on the surface of the MgF2 helix, and these 

isolated nanoparticles still retain the characteristic optical properties of Ag.   

In order to demonstrate the feasibility of such metal/dielectric helices through DSG and 

co-deposition, composite helical films were fabricated using the same system and similar method 

described in Section 2.2, except in this case, the composite structure consisted of a dielectric, 

MgF2 (99.9 %, Kurt J. Lesker), and a noble metal, Ag (99.995 %, Kurt J. Lesker).   Figure 

2.3.1a shows a representative transmission electron microscopy (TEM) image of a 1:10 (volume 

ratio) Ag/MgF2 helix.  Here, the lighter colored helical backbone of the nanostructure 

corresponds with MgF2, while the dark, somewhat spherical nanoparticles decorating the surface 

and interior of the nanostructure correspond with Ag.  The contrast difference between the two 
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materials is due to their different electron scattering cross-sections, the result of different atomic 

masses.  This structure is similar to noble metal coated dielectric helices described in Ref. [71], 

except that here the Ag nanoparticles are part of the helical structure and not a surface coating.   

The physical principles governing the chiral optical properties of the Ag/MgF2 

composites should be the same as those of other helical assemblies of separated achiral 

nanoparticles,[48-50, 71] but are different than those for noble metal nanoparticles with a true 

chiral shape, e.g., a continuous helix.[33]  The chiral optical properties for helical assemblies 

arise from Coulomb interactions of the plasmonic nanoparticles placed in a chiral 

arrangement.[34]  Thus, the spectral features of the chiral optical response will be a convoluted 

function of both the helical parameters and nanoparticle morphology.  Specifically, the 

nanoparticles will have particular optical resonances determined by their size, shape, and 

separation, while the helical parameters that are determined by the dielectric support will also 

constrain the chiral optical response to particular wavelength ranges.  These effects can clearly 

be seen in Figure 2.3.1b which shows the ΔT spectra for Ag/MgF2 helices with the same 

compositions but different helical pitch,  p,  and number of turns,  N,  and in Figure 2.3.1c which  

 

 

 

 

 

 

 

 

Figure 2.3.1. (a) Representative TEM image of an Ag/MgF2 composite helix.  (b) ΔT spectra 
for Ag/MgF2 helical films with the same composition but with different handedness, helical 

pitch p, and pitch number N. (c) ΔT spectra for Ag/MgF2 helical films with the same 
handedness, p, and N but different compositions.    
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shows the ΔT spectra for Ag/MgF2 helices with the same N and p but different compositions.  As 

expected, all spectra have an approximate bisignate shape that is characteristic of helically 

arranged nanoparticles, and different handed helices have opposite ΔT spectra.[49] Additionally, 

increasing the helical pitch height, p, tends to red-shift the bisignate spectral features for 

Ag/MgF2 helices of the same composition (Figure 2.3.1b).  Increasing the amount of Ag in the 

helical structures increases the size of the individual nanoparticles as well as decreases the 

distances between them.  This is expected to cause corresponding red-shifts in the ΔT spectra as 

well as increase the strength of the Coulomb interaction between the nanoparticles, 

respectively,[34, 71] and these effects are observed in Figure 2.3.1c.   

In order to better understand the chiral optical properties of the Ag/MgF2 helices, we use 

an analytical point-dipole method developed by Fan and Govorov to calculate the circular 

dichroism response of helical chains of Ag nanoparticles embedded in a MgF2 ambient.[34]  The 

physical mechanism for chiral nanoparticle assemblies has some similarity with the optical 

chirality due to the Coulomb dipole-dipole interaction in a large chiral molecule (e.g., α-helix or 

DNA).[25]  However, there is an important difference between the plasmonic CD effect and the 

CD effect in biomolecules.  The elementary building blocks of a complex biomolecule are 

interacting chromophores, which are generally described as single dipoles.  On the other hand, in 

chiral complexes of nanoparticles, the elementary building blocks, individual spherical 

nanoparticles, have three plasmonic dipoles.  In the dipole approximation, the electric dipole 

moment of a single nanoparticle i is given by 

 di  = αi Etot,ω,i  = αi (Eext,ω,i  + Einduced,ω,i), (2.3.1) 

where αi is the polarizability of nanoparticle i,  Etot,ω,i  is the total field acting on nanoparticle i, 

Eext,ω,i  is the incident electromagnetic field acting on nanoparticle i, and Einduced,ω,i  is the field 
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induced by all other nanoparticles with j ≠ i.  Using a point dipole approximation, the dipole 

moment can be written as 

 di = αi Eext,ω,i +   
3(dj·nji)nji  !  dj

ε0rij
3 (1− κ ε!rij)+ κ2

!(dj·nji)nji + dj
rij!!! eiκ ε0rij , (2.3.2) 

where rij = rj - ri is the position vector pointing from nanoparticle i to nanoparticle j and nij = (rj - 

ri)/ rij is the unit vector pointing from nanoparticle i to nanoparticle j.  This set of 3N linear 

equations can be solved self-consistently for the individual dipole moments of N different 

nanoparticles.    Then, the total absorption and extinction can be calculated using the following 

equations, respectively: 

    Qabs = (1/2)𝜔𝜀! Im di
*

!!
∗ ∙ di!      (2.3.3) 

    Qext = (1/2)𝜔𝜀! Im Eext,ω,i∗ ∙ di! .     (2.3.4) 

The optical chirality arises from the lack of mirror symmetry in the dipole coupling in chiral 

assemblies.  Thus, Fan and Govorov consider their method the classical analog to the Rosenfeld 

equation.[26]   

 

 

 

 

 

 

 

 

 
Figure 2.3.2. Plot of the Ag nanoparticle arrangement used in the point-dipole method 

calculations. 
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Figure S2.  Plot of the Ag nanoparticle arrangement used in the point-dipole method 
calculations. 
 
different volume ratios, where 1:10, 2:10, 3:10, and 4:10 have a = 15.5, 19.5, 22.3, and 

24.6 nm, respectively.  These values were calculated assuming the Ag nanoparticles are 

in embedded in MgF2 helices with an arm diameter of 60 nm and a total length of 1100 

nm.  For the calculations, we also assume the ambient to have a refractive index of n0 = 

1.38 to match MgF2, and the Palik values were used for the Ag nanoparticles.2   

Assuming a point dipole response from each individual Ag nanoparticle, the total 

electromagnetic field experienced by each nanoparticle is the external incident field plus 

the induced field from all other dipoles in the assembly.  The problem of calculating the 

extinction of this entire assembly for different incident fields (e.g., right- and left-circular 

polarized light, LCP and RCP, respectively) can be solved self-consistently as described 

in the literature.1, 3, 4  Thus, using this analytical method we have calculated the circular 

dichroism, εCD, where εCD = εLCP - εRCP and εLCP and εRCP are the extinctions for LCP and 

RCP, respectively.  The results of these calculations for the parameters given above are 

shown in Figure S3a.  The calculated spectra differ slightly from the experimental 

spectra in that the films with greater Ag volume are theoretically predicted to have an 

increasingly higher CD response.  Thus, for our experimental films, as the Ag volume 
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In order to create a simple model for the Ag/MgF2 DSG helices, we assume 20 spherical 

Ag nanoparticles of radius rnp are equally spaced in a helical arrangement of radius r = 265 nm, 

pitch p = 800 nm, and pitch number N = 0.5 (Figure 2.3.2).  Here we have used variations in rnp 

to account for the different volume ratios, where 1:10, 2:10, 3:10, and 4:10 have rnp = 15.5, 19.5, 

22.3, and 24.6 nm, respectively.  These values were calculated assuming the Ag nanoparticles 

are in embedded in MgF2 helices with an arm diameter of 60 nm and a total length of 1100 nm.  

For the calculations, we also assume the ambient to have a refractive index of n0 = 1.38 to match 

MgF2, and the Palik values were used for the Ag nanoparticles.[124] Assuming a point dipole 

response from each individual Ag nanoparticle, the total electromagnetic field experienced by 

each nanoparticle is the external incident field plus the induced field from all other dipoles in the 

assembly.  The problem of calculating the extinction of this entire assembly for different incident 

fields (e.g., circular polarized light, LCP and RCP) can be solved self-consistently as described 

above.  Using this analytical method we have calculated the circular dichroism, εCD, where εCD = 

εLCP  –  εRCP  and  εLCP and εRCP are the extinctions for LCP and RCP, respectively.  The results of 

 

 

 

 

 

 

 

 

 

Figure 2.3.3. (a) Plot of the theoretical CD spectra for the Ag nanoparticle arrangement 
depicted in Fig.2.4.2 for different Ag volume ratios. (b) Plot of the theoretical CD spectra 
normalized by the unpolarized extinction, ε, raised to the exponential value, ξ, given in the 

plot. 
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ratio increases, polarization-insensitive extinction also increases leading to a less than 

ideal CD response.  Here, we describe this effect empirically by multiplying εCD by ε-ξ, 

where ε is the unpolarized extinction and ξ is an arbitrary exponential value.  These 

results, which qualitatively agree with the experimental values, are plotted in Figure S3b. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3. (a) Plot of the theoretical CD spectra for the Ag nanoparticle arrangement 
depicted in Fig. S2 for different Ag volume ratios.  (b) Plot of the theoretical CD spectra 
normalized by the unpolarized extinction, ε, raised to the exponential value, ξ, given in 
the plot. 
 
 
S3. Symmetry Breaking in Chiral Patchy Particles 
 
As described in the manuscript, the shape of the Ag coating chiral patchy particle is 

determined by both the polar vapor incidence angle, θ, and the azimuthal orientation of 

the monolayer domain, φ, with respect to the vapor incidence (Figure S4a).   Due to the 

6-fold rotational symmetry of the hexagonal close packed (HCP) lattice of the monolayer 

domains, patch morphologies at φ0 and φ = φ0 + j 60° (where j is an integer and φ0 is the 

initial orientation of the monolayer domain with respect to the vapor incidence) will be 

the same, and patch morphologies at φ0 and φ = j 60° - φ0 will have the opposite 

handedness.  Thus, depositing material at φ = 0°, 120°, and 240° should create a 3-fold 

rotationally symmetric patchy morphology.  Figure 4Sb shows such simulated patchy  
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these calculations for the parameters given above are shown in Figure 2.3.3a. The calculated 

spectra differ slightly from the experimental spectra in that the films with greater Ag volume are 

theoretically predicted to have an increasingly higher CD response. Thus, for our experimental 

films, as the Ag volume ratio increases, polarization-insensitive extinction also increases leading 

to a less than ideal CD response.  Here, we describe this effect empirically by multiplying εCD by 

ε-ξ, where ε is the unpolarized extinction and ξ is an arbitrary exponential value. These results, 

which qualitatively agree with the experimental values (Figure 2.3.1c), are plotted in Figure 

Figure 2.3.3b. 

In conclusion, Ag/MgF2 helices have been fabricated by combining co-deposition and 

DSG, and the measured chiral optical properties were analyzed using the interacting point-dipole 

approach.47  It was found that polarization-insensitive scattering increases with the increasing Ag 

volume ratio in these structures.  Increasing the helical pitch height, p, was found to red-shift the 

bisignate spectral features for Ag/MgF2 helices of the same composition, as did increasing the 

Ag composition in MgF2 helices with the same parameters.  These observations illustrate the 

importance of nanoparticle and helix geometries in designing metal/dielectric composite 

plasmonic helices with specific chiral optical responses.  Finally, we note that while these non-

optimized helical arrangements of Ag nanoparticles exhibit the smallest ΔT magnitudes of the 

structures presented in this dissertation, the obtained circular dichroism is much greater than that 

of naturally occurring materials.  For example, ΔT for the 1:10 Ag/MgF2 helix at λ = 460 nm 

(Figure 2.3.1b) corresponds with circular dichroism having an ellipticity value of 0.450°; 

biological molecules typically exhibit ellipticities around 0.010°.[125] 
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CHAPTER 3 

 

THREE-DIMENSIONAL CHIRAL SHAPES FROM COLLOID TEMPLATES 

 

3.1 Introduction 

The production of helices on smooth substrates using DSG, as described in Chapter 2, 

demonstrates the ability to create chiral structures within a symmetric environment.  However, 

the use of templates for DSG processes can not only provide a regular array of nucleation centers 

to create well-defined lattices of nanostructures, but templates also can provide distinctive 

shadowing profiles to generate unique arrays of chiral nanostructures.  Self-assembled colloidal 

nanosphere monolayers (SACM) make particularly attractive templates because their fabrication 

is relatively simple and scalable, traits that complement the DSG technique.  Furthermore, the 

hexagonal close packed (HCP) lattice of spheres offers distinctive and desirable shadowing 

properties.  This chapter describes the use of SACMs in combination with DSG to fabricate 

chiral plasmonic structures.  Most of the discussion will be focused on the so-called “chiral 

patchy particles,” as this structure and its fabrication is the most illustrative.   

 

3.2 Chiral Patchy Particles 

DSG can be combined with SACMs to produce “patchy particles,” which are particles with 

precisely designed regions or “patches” that have specific properties.[126-129]  Recently, it has 

been proposed that chiral patchy films obtained by DSG and SACMs may exhibit circular 
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dichroism (CD).[130]  However, similar to films produced through nanosphere lithography,[131] 

the properties of the obtained patchy films will depend on the nature and quality of the self-

assembled micro-/nanosphere monolayers, which are typically polycrystalline with randomly-

oriented domains that range in size from 10 – 100 µm2.  The mechanism by which optical 

chirality can arise from a symmetric coating of such randomly-oriented, self-assembled colloidal 

templates is not obvious, and it remains an open question whether or not meaningful chiroptical 

effects can be achieved using this straightforward fabrication method.  In this section, we 

investigate both the optical and geometric chirality of such chiral patchy Ag films.  It is found 

that the racemic symmetry of the polycrystalline colloidal template is broken by the substrate 

rotation direction, producing films with strong optical chirality and even stronger local 

chiralities.   

 

3.2.1 Chiral patchy particles: experimental details of fabrication and morphological 
characterization 
 
Self-assembled colloid monolayer (SACM) preparation: Colloid monolayers are formed using an 

air/water interface technique using polystyrene (PS) bead solutions (Polyscience, 2.6 wt%) 

containing beads of different diameters, d = 200, 350, 500, 750, and 2000 nm. First, the PS bead 

solutions are washed using ultra-pure (18 MΩ) water by centrifugation and then diluted with 

ultra-pure water to concentrations ranging between 0.6 to 0.24 wt%. After ultra-sonication for 30 

minutes, the solution is further diluted by adding a 2:1 ratio of bead solution and ethanol. Next, a 

cleaned petri dish, tilted at a 3° angle from a flat surface, is filled with a shallow layer of ultra-

pure water. In order to control the flow of the prepared PS solutions into the petri dish, a syringe 

(Monoject) with a 90° bent needle is attached to a syringe pump (KD Scientific). The tip of the 

needle is positioned close, but not touching the water surface, and PS solution droplets are 
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dispensed onto the water’s surface at rates ranging between 0.008 to 0.015 mL/min. The 

dispersion of the beads on the water surface forms well-ordered monolayers over time. After the 

monolayer is completely formed, the water level is slowly raised, and a Teflon ring is placed on 

the surface of the water to confine the monolayer. Ultra-pure water is simultaneously pumped in 

by the syringe pump and removed using a multi-staltic water pump (Buchler Instruments) to 

remove any residual sunken beads. Then, pre-cleaned Si and glass substrates are carefully placed 

underneath the monolayer by sliding them to the area below the Teflon ring using tweezers. 

Lastly, the syringe pump slowly removes all water allowing the confined monolayer to deposit 

on the surface of the underlying substrates. 

DSG deposition: The patchy films were fabricated using a unique, custom-designed vacuum 

deposition system (Pascal Technology).  Ag pellets were used as source materials (Plasma 

Materials, 99.99%).  The monolayer substrates were loaded onto the DSG substrate holder, 

which was positioned such that the substrate normal formed an 86° angle with respect to the 

vapor incident direction.  The chamber was evacuated to 1 × 10-6 Torr, and was maintained at a 

pressure of < 5 × 10-6 Torr throughout the deposition.  The Ag evaporation rate (0.05 nm/s) and 

thickness were monitored by a quartz crystal microbalance (QCM).  Material was deposited in 

30 nm increments at each azimuthal rotation angle until the final desired QCM thickness of 120 

nm at each angle was achieved.  The clockwise (CW) and counter-clockwise (CCW) films were 

rotated azimuthally in -120° and 120° increments, respectively.  For the CW/CCW film 

fabrication, we deposited 30 nm at each angle, φ = 0°, -120°, and -240°, then we deposited 

another 30 nm at each angle, φ = 0°, 120°, and 240°, and so forth until a total QCM reading of 

120 nm was deposited at each azimuthal angle. 
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Morphological Characterization:  Scanning electron microscope (SEM) images were collected 

using a field emission scanning electron microscope (FEI Inspect F).  Atomic force microscopy 

(AFM) imaging was performed using a Bruker Nanoscope V atomic force microscope in tapping 

mode using a scan area of 2 µm2 and a scan rate of 0.200 Hz.  For the AFM data shown in 

Figures 3.2.tkc and 3.2.tkd, a portion of the original plane fit AFM height data was selected 

such that it only contained the height information for one patchy particle.  Then, a hemisphere 

corresponding to a 500 nm bead was subtracted from this data to give the thickness of the 

coating at each point.  The original AFM images for the CW and CCW films are shown in 

Figures 3.2.1a and 3.2.1b, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 3.2.1. Original AFM images for the (a) CW and (b) CCW films.  Boxes are drawn 
around the patchy particles shown in Figures 3.2.6c and 3.2.6d.  
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3.2.2 Chiral patchy particles: fabrication and morphology 

The fabrication process for the chiral patchy Ag films begins by self-assembling colloidal 

monolayers of 500 nm polystyrene nanospheres onto glass or Si substrates, which act as 

hexagonal close-packed (HCP) two-dimensional polycrystalline templates. These templates are 

then loaded into a vacuum deposition system such that the surface normal and the vapor incident 

direction form an oblique polar angle, θ = 86°, in order to increase the geometric shadowing 

effect between neighboring spheres.  Ag is then deposited incrementally at azimuthal angles, φ = 

0°, 120°, and 240°, i.e., rotating counter-clockwise (CCW) until the desired thickness at each φ is 

achieved (see Section 3.2.1).  Two additional patchy films with identical parameters are also 

fabricated: one using clockwise substrate rotations instead (CW) and one where material is built 

up at each azimuthal angle using alternating rotation directions (CW/CCW).  Scanning electron 

microscopy  reveals that the CW,  CCW,  and CW/CCW  films are composed  of  polycrystalline  
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Figure 3.2.2. (a) – (d) SEM images showing the various morphologies of the coatings for a 
CCW Ag patchy particle film. The different shapes are from different colloidal domains on the 

same film. 
 



 63 

domains (area, 3 - 50 µm2) of patchy particles.  Figure 3.2.2 presents some representative SEM 

micrographs of various patch morphologies observed in a CCW film, demonstrating that some, 

but not all, of the structures are chiral.  Statistical analyses of the SEM micrographs of both CW 

and CCW films reveal that they are racemic; 23% of patchy particles show left-handed 

morphologies and 24% show right-handed ones, where the handedness here is defined by the 

curling direction of the arms.  As will be discussed in greater detail below, such a racemic 

mixture is expected for a symmetric coating of a polycrystalline SACM template with randomly 

oriented domains. 

 

 

 

 

 

 

 

 

 

In order to understand the origin of the optical chirality of these racemic mixtures of 

patchy particles, it is important to understand the origin of the morphologies of the coatings.   A 

diagram of the HCP arrangement of a SACM domain is shown in Figures 3.2.3, and the 

orientation with respect to the vapor incident direction is described by the polar and azimuthal 

angles, θ and φ.  As θ approaches 90°, the shadowing effect between neighboring spheres 

becomes significant, creating regions on the spheres that are shadowed from the vapor flux.  Due 
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Figure 3.2.3. Illustration of the HCP lattice of a colloidal domain, showing the definitions of 
the polar and azimuthal angles, θ and φ.  
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to the 6-fold rotational symmetry of the HCP lattice, the shape of this shadowed region is a 

periodic function of φ.  For rotations about the substrate normal described by φ = φ0 + 60° n, 

where n is an integer and φ0 is the original orientation of the domain with respect to the vapor 

incident plane, the shape of the patch coated at φ will be the same as the patch coated at φ0.  For 

rotations described by φ = 60° n - φ0, the shape of the patch coated at φ will be the mirror image 

of the patch coated at φ0 due to reflection symmetry planes occurring along φ = 30° n.  A patchy 

film deposition described by coatings at φ = 0°, 120°, and 240° should have 3-fold rotational 

symmetry, but the structural chirality will be determined by the different φ0 values of each 

domain, with 0° < φ0 < 30° resulting in right-handed enantiomers and 30° < φ0 < 60° resulting in 

left-handed ones.   

 

3.2.3 Chiral patchy particles: morphology simulation 

A simple simulation is used to estimate the thickness distribution of the patchy structures. As 

illustrated in Figure 3.2.4a, an array of close-packed beads with diameter D = 500 nm is in x-y 

plane. A uniform vapor flux approaches the array of beads in direction (θ0, φ0). In order to 

calculate the thickness distribution on bead O, the nearest 36 beads are taken into account, which 

potentially affect the deposition on bead O. As shown in Figures 3.2.4.b and 3.7.4c, the surface 

of bead O 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, Δθ =Δφ = 0.5°, i = 0,1,…360, j = 0,1,…720.  

The simulation is based on three assumptions: 

1. Only the shadowing effect and material accumulation are considered. Other physical 

processes, such as surface diffusion, are neglected.  

2. The deposition at different surface elements happens simultaneously as long as they are 

directly exposed to vapor.  

l̂
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3. The as-deposited film is non-porous and is uniform within each surface element. 

In the simulation of the patchy structure, there are three simulation steps. A 120° azimuthal 

rotation of happens at the end of each step. In each simulation step, the thickness at each 

surface element h(θ, φ) is updated,  

 hi+1(θ, φ) = hi(θ, φ) + Δh. (3.2.1) 

In order to calculate the change of thickness Δh, we need to first determine whether point (θ, φ) is 

directly exposed to the vapor flux. If point (θ, φ) is in the shadow of other structures, then Δh = 0.  

For the uniform condition, the shadowed area does not take into account previously deposited 

material, i.e., the surface profile of the template remains constant.  For the CW and CCW 

simulations, previously deposited material on neighboring beads will contribute to the shadow 

because the surface profile is updated at each step.  These different conditions are achieved by 

considering the following effects.  If (θ, φ) can receive vapor, then Δh can be expressed as, 

 Δh = Δm /(ρ S(θ, φ), (3.2.2) 

l̂

φ0 

φ 

φ 

Figure 3.2.4. (a) Sketch of vapor deposition on an array of beads, (b) the surface of bead O 
split into numbers of surface elements, (c) a surface element on bead O.  
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where Δm is the mass of material deposited on surface element (θ, φ) within time Δt, ρ is the 

density of the material, and S(θ, φ) is the area of surface element (θ, φ).  The vapor flux Φ is 

defined as, 

 Φ = Δm / (Δt SN) = const., (3.2.3) 

where SN is the projection of S(θ, φ) onto the plane perpendicular to the vapor flux . With β 

defined as the angle between  and the surface normal vector , SN can be expressed as, 

 SN = S(θ, φ) cos β. (3.2.4) 

By combining Equations 3.7.2 - 3.7.4, we obtain the final expression of Δh, 

 Δh = (Φ / ρ) Δt cos β. (3.2.5) 

In each step, we set  (Φ / ρ) Δt as 15 nm. 

Figures 3.2.5a shows simulated morphologies of the coatings for various φ0 orientations 

when material is uniformly deposited at θ = 86° and φ = 0°, 120°, and 240°.  The orientation of 

the monolayer domain with respect to vapor incidence is the primary factor in determining the 

morphology of the coating.  Therefore, a SACM substrate with randomly oriented monolayer 

domains should ideally function as a template to produce a racemic mixture of chiral patchy 

particles.  However, this idealized simulation does not take into account the dynamic effect of 

material accumulation on the surface of the beads during the deposition.  The shape of the 

coating is determined by the shadowing effect of the surface profile of the template, which will 

change as material is deposited.  This change in the shadowing profile is unique to the specific 

deposition process parameters, such as rotation direction, material thickness, θ, φ, etc.  This 

could result in different enantiomers for the CW and CCW substrate rotations.  Figures 3.2.5b 

and 3.2.5c shows the simulated morphologies of coatings for both deposition directions, CW and 

CCW,   respectively,   for  various  φ0  orientations  when  the  shadowing   effect  of   previously  

l̂

l̂ n̂
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deposited material is taken into account.  In contrast to the uniform simulation, these simulations 

demonstrate that different structures can result from different rotation directions during 

fabrication.  In particular, the lengths and thicknesses of individual arms are different for the CW 

and CCW conditions, and the orderings of these arms by decreasing thickness and increasing 

length follow the rotation direction and, therefore, are not related by a cyclic permutation.  In 

other words, the material distribution within the chiral patches is enantiomorphic, where the 

different handedness is determined by the substrate rotation direction.  While the simulated 

coatings shown in the uniform condition depicted in Figure 3.2.5a do approximate the obtained 

morphologies of the patchy films (Figure 3.2.2), close inspection of the fabricated patchy films 

via SEM and atomic force microscopy (AFM) reveals that there are some morphological 

differences between similar patches of the same handedness for the CW and CCW films, i.e., a 

θ 

φ 

(a) 
(b) 

φ0 = 15° φ0 = 5° φ0 = 30° φ0 = 45° φ0 = 55° 

t  = 12 t  = 0 Thickness, t  (arb. unit)  

CW�

CCW�

Symmetric�

(c) 

(d) 

(a) 

(b) 

(c) 

Figure 3.2.5. Simulated patch morphologies showing the dependence of the handedness and 
structure on the original orientation of the domain with respect to the vapor incident 

direction, φ0 for the (a) symmetric, (b) CW, and (c) CCW deposition conditions with θ = 86°. 
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chiral patch corresponding with a particular φ0 will be different for the two different rotation 

directions.  These differences are illustrated in Figures 3.2.6a – 3.2.6d.  Specifically, the lengths 

of the arms increase in ~20 nm increments while the thickness of the arms decreases in ~20 nm 

increments in the direction of rotation.  These results are in qualitative agreement with the CW 

and CCW simulations, i.e., the ordering of the different arms by decreasing thickness and 

increasing length follows the rotation direction (Figures 3.2.5b and 3.2.5c).  It is not obvious 

how the chiral distributions of different thicknesses and arm lengths will contribute to the 

geometric and optical chirality in the quasi-three dimensional patchy coatings, and these effects 

will be analyzed in more detail below.     
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Figure 3.2.6. SEM images highlighting the morphological differences of coatings with similar 
φ0 values but with the different rotation conditions, (a) CW and (b) CCW.  AFM height data 
with the hemisphere of the bead subtracted out in order to show the Ag thickness distribution 

for similar patch morphologies for the different rotation conditions, (c) CW and (d) CCW.  
Note that the SEM and AFM images are from different domains. 
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3.2.4 Geometrical chirality 

Throughout the discussion above and this dissertation in general, chirality has only been 

quantitatively examined within the context of optical properties.  However, chirality is a property 

that is directly related to an object’s geometry, and any chirality detected in optical 

measurements arises from some asymmetry of the probed structure.  From a theoretical and 

design standpoint, it would be useful to have a mathematical description or measure of chirality 

as it relates to an object’s shape or structure.  Traditionally, an object is said to be chiral if it 

cannot be brought into congruence with its mirror image, as mentioned above.  Unfortunately, by 

defining chirality as a negative concept (i.e., lacking reflective symmetry), chirality is a property 

with only two possible quantities; chiral (true) and achiral (false).  In order to understand 

structural chirality as quantifiable property, we can employ a continuous chirality measure to 

analyze the geometric chirality of a structure.[132]  These measures treat chirality as a 

continuous property that can be quantified, allowing the degree of chirality for different 

structures to be compared.[133]  In particular, we will employ a specific two-dimensional 

chirality measure, the angular bisection method developed by Potts et al.,[134] to quantify and 

compare the chirality of the different chiral patchy structures produced through CW or CCW 

depositions. 

 

 

 

 

 

 Figure 3.2.7 The labeling convention for the triangle used in the chiral index calculation.  
Ref.[134] 

 

A Potts et al

Figure 1. The labelling convention used for the sides, vertices and
angles of a triangle.

driven by the needs of stereochemists. As a consequence,
the resulting chiral measures tend to be more applicable to
microscopic systems of discrete points [7–10] where the points
themselves are usually taken to represent the spatial positions
of atomic nuclei, whether in molecules or on planar surfaces.

Unfortunately, most of the discrete chirality measures
that have so far been proposed are not easily extendible
to macroscopic systems. One reason for this is that the
spatial distribution of mass in macroscopic systems is best
described by a continuous distribution function, ρ(r) (where
ρ(r) represents the local density of point masses and is,
in effect, a two-dimensional mass density function for that
surface), rather than a set of spatially isolated discrete points.
Secondly, the methodologies (such as group theory [8, 9] and
optimized overlap integrals [10]) that these discrete 2D chiral
models employ become increasingly difficult or cumbersome
to implement as they are applied to larger and larger systems.
Attempts to simplify complex structures by considering only
the ‘most significant’ points in a structure [9] can also be
problematic as it may not always be obvious which points are
the most significant. What most experimenters desire is an
algebraic formulation of the theory of 2D chirality that can be
applied to any 2D mass distribution (discrete or continuous)
simply by summing (or integrating) the chirality function over
the density distribution function, ρ(r).

One of the first (and most promising) algebraic models
to incorporate continuous mass distributions was developed
by Osipov et al [11]. They pointed out that the simplest
chiral object in two dimensions is a scalene triangle and,
consequently, if one can construct a chirality measure for this
simple set of three points, it then becomes a trivial exercise to
extend the measure to any larger distribution of points merely
by summing over all possible triangular permutations. By
employing this approach they derived an expression for the
chirality of a single triangle of points:

K = "

(a1a2a3)2

[(
a2

1

a2
3

− a2
1
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2

)
cos(θ1)

+
(

a2
2

a2
1
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2

a2
3

)
cos(θ2) +

(
a2

3

a2
2

− a2
3

a2
1

)
cos(θ3)

]
. (1)

Here, a1, a2 and a3 are the lengths of the three sides of the
triangle while θ1, θ2 and θ3 are the angles opposite to sides a1,
a2 and a3, respectively. The term " is the triangle’s area. By
convention, we usually number all vertices, sides and angles
of the triangle in a clockwise direction, as shown in figure 1.

The model of Osipov et al clearly satisfies many
requirements for a truly universal macroscopic model of 2D
chirality. It changes sign under enantiomeric inversion, while

K = 0 for any isosceles or equilateral triangle, or when
the three points are co-linear. Unfortunately, it also has
three main failings. The most serious is its behaviour in the
limit of converging points. The expression for the chirality
of a set of three points in equation (1) clearly diverges as
the length of any side of the triangle tends to zero and,
consequently, it is not integrable unless a cut-off parameter is
introduced. Secondly, its scaling behaviour is inappropriate,
with K actually decreasing as the size of the object increases.
The final drawback of this model is that it is not founded
on purely geometric principles, unlike most other recent 2D
chirality models [8–10], but also involves the incorporation of
electromagnetic polarization effects through the interaction of
induced dipoles situated at each vertex of the triangle. Such an
approach tempers the generality of the model and its potential
applications. More fundamentally, however, such an approach
can also introduce unwanted confusion into the definition of
chirality. Chirality and optical activity are not synonymous.
One is cause, while the other is effect; and the absence of
one is not necessarily proof of the absence of the other. Nor
do they necessarily scale proportionately. In analysing two-
dimensional chirality we are trying to formulate a theory of
asymmetry based purely on geometric arguments that can be
applied universally, irrespective of the material nature of the
system.

In this paper we will present a new measure of 2D chirality
(K ), based on purely geometric considerations, that is scalable
and integrable and that is capable of being applied to any
generalized continuous distribution, ρ(r), for any 2D surface.
Our starting point will be to define a chirality measure for a
triangular set of points based on asymmetry in the area of that
triangle. We will present three possible methodologies for
achieving this, but will argue that an angular bisection method
(see section 6) is the only one of the three that fully satisfies
all the conditions that we require. We will then extend this
measure to larger structures by summing the chirality measure
over all possible permutations of triangles in a manner similar
to the methodology of Osipov et al [11]. In addition, we will for
the first time address the issue of scaling behaviour in 2D chiral
systems. We will argue that for any triangular set of points
there must be a chirality measure ($) that is independent of the
magnification of the structure and is therefore dimensionless.
We will then argue that a necessary condition for integrability
of our chirality measure, K , is that it must scale with the area
and mass of the system. Finally, we will outline the utility
of our new model by demonstrating its ease of use and its
consequences. We will also compare its theoretical results
with those derived using other models, as well as with the
results of recent optical experiments [2, 3].

2. Basic principles of chirality in 2D

The definition of chirality has changed little since it was
proposed by Lord Kelvin over a hundred years ago [12].
An object is said to be chiral if it cannot be brought into
congruence with its enantiomeric, or mirror image, form. This
definition of chirality is related to the concept of parity and is
only applicable to systems where the positions of the particles
are time-invariant, although Barron has recently extended this
definition to include time reversality [13]. Unfortunately, these
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An understanding of this method begins by noting that the most basic chiral object in two 

dimensions is defined by a set of three points.  They propose that if they can construct a measure 

of chirality for a three-point set (in other words a triangle), then the theory can be extended to 

any structure with any degree of complexity by simply summing this measure over all the 

contributions arising from every possible subset of three points.  In order to formulate their 

measure of chirality in 2D, a set of conditions that define the required behavior of the chirality 

index is outlined:   

 

The basic chiral element is the triangle.  The chirality index (K) of any set of N points (N > 3) 

can be derived, therefore, by summing the chirality indices of all possible permutations of 

triangles (Figure 3.2.7).  This then leads to the first condition. 

Postulate 3.2.1. If Kijk is defined as the chirality index of a triangular set of points 

represented by the vectors (ri, rj, rk), then 

     𝐾 =    1
6

𝐾!"#!
!!!

!
!!!

!
!!! .    (3.2.6) 

Lemma 3.2.2. The chirality index of any triangle, Kijk, must be proportional to the mass 

at each vertex,  

 Kijk = mi mj mk Λijk (3.2.7) 

where mi, mj, and mk are the masses at each of the three vertices defined by (ri, rj, rk) and 

Λijk is another chiral function that depends only on the spatial positions of the points i, j, 

and k.  Λijk is a massless chirality measure, called the specific chirality index.  In this 

case, mass represents the total number of point masses at a given point or in a given area 

and is therefore equivalent to the integral of the two-dimensional density distribution 

function, ρ(r), over that area.  
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Postulate 3.2.3. The chirality index should be continuous and single-valued. 

Lemma 3.2.4. The chirality index cannot be dimensionless, but must decrease in 

magnitude as the size of the structure decreases.  This can be achieved if the chirality 

index contains a term that is dependent on the actual area of each triangle.  A scaling 

function that varies linearly with area is the most elementary choice. 

Postulate 3.2.5. If the chirality index scales linearly with the area of the triangle, Δijk, two 

triangles that are similar (i.e. their corresponding angles are identical) should have chiral 

indices that are proportional. Consequently, it should be possible to define a 

dimensionless chirality index, Γijk, that is a function of the ratios of the sides of the 

triangle or its three angles, but is independent of its area, Δijk. Combining equation 

(3.2.2), Lemma 3.2.4 and Postulate 3.2.5, the following is obtained 

 Kijk = mi mj mk Λijk = mi mj mk Γijk Δijk (3.2.8) 

Postulate 3.2.6. Γijk must always be finite in order to ensure that the chirality index, K, of 

a finite system is always finite. 

Postulate 3.2.7. The chirality index must be inverted under any reflection operation (i.e. 

If x ⇒ −x, then K ⇒ −K).  As the area of the triangle will remain unchanged by such an 

operation, then it is also true that Γijk ⇒ − Γijk for the same reflection operation. Thus, K 

and Γijk are both zero for any isosceles or equilateral triangle. 

Lemma 3.2.8. The chirality index of any set of three co-linear points must be zero. This 

is satisfied if Γijk is finite for a co-linear set (Δijk =0). 

Lemma 3.2.9. If any two points of a triangle are coincident in space, then the chirality 

index must be zero. This implies that Kijk → 0 as |rij| → 0, where |rij| is the length of any 

side of the triangle.   



 72 

 

Using this set of conditions, Potts et al. construct several different continuous chirality measures.  

Of these different measures, they find one particular method, the angular bisection method to be 

the most suitable.   

 The angular bisection method is essentially a method of comparing the asymmetry in the 

distribution of the area of the original triangle defined by three arbitrary points, (ri, rj, rk), and its 

enantiomer (Figure 3.2.8). This is done by superimposing the two triangles and measuring the 

amount of common area that they share.  In particular, the specific chirality index, Λijk, is defined 

as the area of those parts of the enantiomeric triangle that are not superimposed on any part of 

the original triangle.  A “handedness” (right or left, positive or negative) is determined by the 

difference in areas of the original triangle across the mirror plane, and it is arbitrarily chosen 

such that the area to the right-hand side of the mirror plane has a positive sense (the area to the 

left thus being negative).  Additionally, a consistent mirror plane, with respect to individual sides 

or vertices, must be chosen to prevent any ambiguity in the handedness and because the Λijk 

calculation  must  be repeated  for  each side or  vertex so that  the resulting  total  represents  the  

 

 

 

 

 

 

 

A new model of geometric chirality for two-dimensional continuous media and planar meta-materials

Figure 2. An illustration of the method of overlap integrals for
triangles. (a) The original triangle (white) with its vertices and sides
labelled and its enantiomer (shaded). (b) The condition of
maximum overlap. The dotted line is the mirror plane, the
arrowheads indicating spatially equivalent directions of view.
(c) The perpendicular bisection method. (d) The coincident vertex,
perpendicular intercept method. (e) The angular bisection method.

chirality. This is indicated by the two arrows on the mirror
plane (broken line) in figure 2(b). Suppose we define the
handedness to be the difference in areas of the original triangle
across the mirror plane and arbitrarily choose the area to the
right-hand side of the mirror plane to have a positive sense
(the area to the left thus being negative). The two arrows on
the mirror plane indicate that an observer has two possible
definitions as to which side is the right and which is the
left, both of which are geometrically equivalent. Hence the
handedness is ambiguous because the definition of left and
right cannot be applied consistently between triangles.

In order to eliminate this problem we need to define the
mirror plane with an unambiguous direction. One way to
achieve this is to pre-set the direction of the mirror plane
relative to our chiral object. In order for such a direction
to be non-arbitrary, however, it must represent a line of
high symmetry for the triangle, but because the triangle
will typically be chiral, this will not be possible, except in
exceptional circumstances (i.e. for isosceles and equilateral
triangles). However, the mirror plane can be a symmetry plane
for a sub-set of points and sides of the triangle. Three such
possibilities are shown in figures 2(c)–(e). What distinguishes
these three arrangements is that they are the only ones that map
more than one point and/or side onto another point or side of
the enantiomeric triangle. As such, they represent the three
highest symmetry arrangements attainable. The configuration
in figure 2(c), for example, is the only one that maps two points
onto each other, as well as mapping the adjoining side onto
itself. In figure 2(d) point C is mapped onto itself, as is the
opposite side of the triangle, whereas in figure 2(e) point A is
again mapped onto itself while sides b and c of the triangle
are mapped onto each other. In all these cases the mirror
plane itself is asymmetric (as denoted by the single arrowhead)
because it has a unique direction due to the way it is defined
relative to the body of the triangle. Hence the handedness is
now unambiguous and can be applied consistently for different
triangles. However, because the triangle has three sides (and

three vertices) that are all spatially equivalent, the process for
calculating the chirality in figures 2(c)–(e) must be repeated
for each side (or vertex) and the results combined so that the
resulting total represents the chirality of the whole triangle and
not the arbitrary value from only one viewpoint.

In the following sections we will calculate the chirality
index using each of the symmetry arrangements shown in
figures 2(c)–(e) and compare their results with previous models
and the list of conditions set out in section 2.

4. The perpendicular bisection method

In the symmetry model illustrated in figure 2(c) the mirror
plane is oriented so that it bisects one side of the triangle.
We can now define the chirality index as the difference in
areas subtended by our original triangle (the white triangle
in figure 2(c)) across the mirror plane. The sense of chirality
is arbitrarily, but consistently, chosen such that positive areas
(!R) lie to the right of the mirror plane (as seen by an observed
standing at the intersection of the mirror plane and the side of
the triangle it bisects and looking into the body of the triangle)
and negative areas (!L) to the left. The difference in areas is
equivalent to the antisymmetric area, !A, and gives the specific
chirality index for that side (let us call it side 1) as follows:

"1 = !R − !L = !A. (5)

It can be shown that "1 is given by

"1 = a2
2 − a2

3

a2
1 + |a2

2 − a2
3 |

! (6)

where ! is the area of the triangle and the side lengths a1,
a2 and a3 are defined in a clockwise fashion, as illustrated in
figure 1. If we repeat this procedure for sides 2 and 3 of the
triangle (but using a different mirror plane for each case) we
will arrive at the following results:

"2 = a2
3 − a2

1

a2
2 + |a2

3 − a2
1 |

! (7)

and

"3 = a2
1 − a2

2

a2
3 + |a2

1 − a2
2 |

!. (8)

For arbitrary values of a1, a2 and a3 equations (6)–(8) will
each give a different result for the specific chirality index, all
of which are of equal merit. We therefore define the total
specific chirality index for the triangle as the sum of the three
terms:

"i jk = "1 + "2 + "3. (9)

The justification for this is that, when we extend this model to
larger systems, we calculate the chirality index by summing
over all possible triangular permutations (see postulate 2.1)
and hence over all possible permutations of mirror planes.
Therefore, it seems logical to do the same for each mirror
plane within each triangle. However, it should be noted that
Buda et al [10] have proposed a method of chirality products
for their 2D chirality measure.
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Figure 2. An illustration of the method of overlap integrals for
triangles. (a) The original triangle (white) with its vertices and sides
labelled and its enantiomer (shaded). (b) The condition of
maximum overlap. The dotted line is the mirror plane, the
arrowheads indicating spatially equivalent directions of view.
(c) The perpendicular bisection method. (d) The coincident vertex,
perpendicular intercept method. (e) The angular bisection method.

chirality. This is indicated by the two arrows on the mirror
plane (broken line) in figure 2(b). Suppose we define the
handedness to be the difference in areas of the original triangle
across the mirror plane and arbitrarily choose the area to the
right-hand side of the mirror plane to have a positive sense
(the area to the left thus being negative). The two arrows on
the mirror plane indicate that an observer has two possible
definitions as to which side is the right and which is the
left, both of which are geometrically equivalent. Hence the
handedness is ambiguous because the definition of left and
right cannot be applied consistently between triangles.

In order to eliminate this problem we need to define the
mirror plane with an unambiguous direction. One way to
achieve this is to pre-set the direction of the mirror plane
relative to our chiral object. In order for such a direction
to be non-arbitrary, however, it must represent a line of
high symmetry for the triangle, but because the triangle
will typically be chiral, this will not be possible, except in
exceptional circumstances (i.e. for isosceles and equilateral
triangles). However, the mirror plane can be a symmetry plane
for a sub-set of points and sides of the triangle. Three such
possibilities are shown in figures 2(c)–(e). What distinguishes
these three arrangements is that they are the only ones that map
more than one point and/or side onto another point or side of
the enantiomeric triangle. As such, they represent the three
highest symmetry arrangements attainable. The configuration
in figure 2(c), for example, is the only one that maps two points
onto each other, as well as mapping the adjoining side onto
itself. In figure 2(d) point C is mapped onto itself, as is the
opposite side of the triangle, whereas in figure 2(e) point A is
again mapped onto itself while sides b and c of the triangle
are mapped onto each other. In all these cases the mirror
plane itself is asymmetric (as denoted by the single arrowhead)
because it has a unique direction due to the way it is defined
relative to the body of the triangle. Hence the handedness is
now unambiguous and can be applied consistently for different
triangles. However, because the triangle has three sides (and

three vertices) that are all spatially equivalent, the process for
calculating the chirality in figures 2(c)–(e) must be repeated
for each side (or vertex) and the results combined so that the
resulting total represents the chirality of the whole triangle and
not the arbitrary value from only one viewpoint.

In the following sections we will calculate the chirality
index using each of the symmetry arrangements shown in
figures 2(c)–(e) and compare their results with previous models
and the list of conditions set out in section 2.

4. The perpendicular bisection method

In the symmetry model illustrated in figure 2(c) the mirror
plane is oriented so that it bisects one side of the triangle.
We can now define the chirality index as the difference in
areas subtended by our original triangle (the white triangle
in figure 2(c)) across the mirror plane. The sense of chirality
is arbitrarily, but consistently, chosen such that positive areas
(!R) lie to the right of the mirror plane (as seen by an observed
standing at the intersection of the mirror plane and the side of
the triangle it bisects and looking into the body of the triangle)
and negative areas (!L) to the left. The difference in areas is
equivalent to the antisymmetric area, !A, and gives the specific
chirality index for that side (let us call it side 1) as follows:

"1 = !R − !L = !A. (5)

It can be shown that "1 is given by

"1 = a2
2 − a2

3

a2
1 + |a2

2 − a2
3 |

! (6)

where ! is the area of the triangle and the side lengths a1,
a2 and a3 are defined in a clockwise fashion, as illustrated in
figure 1. If we repeat this procedure for sides 2 and 3 of the
triangle (but using a different mirror plane for each case) we
will arrive at the following results:

"2 = a2
3 − a2

1

a2
2 + |a2

3 − a2
1 |

! (7)

and

"3 = a2
1 − a2

2

a2
3 + |a2

1 − a2
2 |

!. (8)

For arbitrary values of a1, a2 and a3 equations (6)–(8) will
each give a different result for the specific chirality index, all
of which are of equal merit. We therefore define the total
specific chirality index for the triangle as the sum of the three
terms:

"i jk = "1 + "2 + "3. (9)

The justification for this is that, when we extend this model to
larger systems, we calculate the chirality index by summing
over all possible triangular permutations (see postulate 2.1)
and hence over all possible permutations of mirror planes.
Therefore, it seems logical to do the same for each mirror
plane within each triangle. However, it should be noted that
Buda et al [10] have proposed a method of chirality products
for their 2D chirality measure.

197

(b) 

Figure 3.2.8. (a) The original triangle (white) with its vertices and sides labeled and its 
enantiomer (shaded).  (b) The angular bisection method.  Ref.[134] 
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chirality of the whole triangle and not the arbitrary value from only one viewpoint.  For the 

angular bisection method, the mirror plane that bisects the angle at any vertex of the triangle is 

used (Figure 3.2.8b).  The difference in areas subtended by the triangle across this line as a 

fraction of the total area of the triangle can be calculated  

         Γ1 =
ΔR!ΔL
ΔR!ΔL

= a2!a3
a2!a3

,     (3.2.9) 

where ΔL is the area to the left of the mirror plane and ΔR is the area to the right as viewed from 

the vertex, a2 and a3 are the lengths of sides 2 and 3.  The process needs to be repeated for all 

three vertices in order to arrive at an expression that properly reflects the chirality of the triangle 

as a whole, rather than just the property of a single vertex. The dimensionless chirality index is 

then given by 

     Γijk =
a1!a2
a1!a2

+ a2!a3
a2!a3

+ a3!a1
a3!a1

.              (3.2.10) 

Analysis of Equation 3.2.10 will show that it satisfies Postulates and Lemmas 3.2.1 – 3.2.9, as 

described above.  Finally, by defining a triangle by three vectors, (ri, rj, rk), the chirality model 

can be extended to any ensemble of N points as follows: 

    𝐾 =    1
2

mimjmk
rij ! rik
rij ! rik

!
!!!

!
!!!

!
!!! Δijk, (3.2.11) 

where rij = rj − ri and rik = rk − ri.  Thus, by using Equation 3.2.11, a chirality index is calculated 

for any arbitrary structure.  This chirality index, K, gives a quantifiable measure of structural 

chirality that can allow comparison between different asymmetric structures.  It is important to 

note that the relationship between structural chirality, K, and optical chirality (CB or CD) is not 

straightforward, though some correlation between the two phenomena should be expected, 

especially if the structural chirality is on the order of the wavelength of interest. 
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3.2.5 Chiral patchy particles: geometrical chirality calculation 

In order to understand the effects of the material distribution enantiomorphism on the structural 

chirality of the chiral patchy particles, we can use the angular bisection method to calculate the 

chirality index, K, for the simulated structures for different deposition conditions (Figures 3.2.5a 

- 3.2.5c): when there is no rotational dependence, uniform; and when rotational effects are 

considered, CW and CCW.  To begin, we first use the simulations described in Section 3.2.3 to 

generate thickness data for the different morphologies (Figure 3.2.9a).  These data are 

transformed into a Cartesian array, where each data point contains the x-component, y- 

component, and thickness value of the simulated morphology (Figure 3.2.9b).  Then the total 

number of data points, N, is reduced from ~260000 to 325 to reduce the calculation time, which 

will scale as N3 (Figure 3.2.9c).  These data points are then inserted into Equation 3.2.11 where 

the x- and y-components define the r value and the thickness value is used for m. 

 The results from the calculations are summarized in Table 3.2.1.  For the uniform 

structures, K is negative for 0° < φ0 < 30° and positive for 30° < φ0 < 60°, and averaging K over 

0° < φ0 < 60°, Kavg, results in zero.  Note that the sign of K determines the handedness of the 

structure, and an achiral structure will have  K  =  0.  Thus, a large, random ensemble of  uniform  

 

 

 

 

 

 

 
Figure 3.2.9. (a) Simulated morphology for a uniform coating at φ0 = 5°. (b) Plot of the 

Cartesian array of thickness data points. (c) Plot of the reduced Cartesian array used for the 
chirality index calculation.  
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structures is an achiral racemic mixture.  The CW and CCW structures follow the same general 

trend for K over 0° < φ0 < 60°, with K initially negative and increasing to positive values as φ0 

approaches 60°.  However, K is not symmetric about φ0 = 30°, and averaging K over 0° < φ0 < 

60° does not result in zero in either case, with Kavg = -40 and Kavg = 40 for the CW and CCW 

structures, respectively.  This means that ensembles of CW structures and ensembles of CCW 

structures are chiral mixtures of opposite geometric handedness.  The effect of the geometric 

chirality on the optical chirality will be examined in Section 3.2.7 

 

Table 3.2.1. Chirality index, K, for different simulated patch morphologies 

φ0 Symmetric CW CCW 

5° -630 -480 -440 

15° -170 -200 -30 

30° 0 10 -10 

45° 170 30 200 

55° 630 440 480 

Kavg 0 -40 40 
 

3.2.6 Chiral patchy particles: experimental details of optical measurements 

Bulk Optical Characterization:  A variable angle spectroscopic ellipsometer (M-2000, J. A. 

Woollam, Inc.) was used in transmission mode (beam spot diameter, 2 mm) to measure the first 

three rows of the Mueller matrix describing the sample with the m11(λ) element normalized to 1.  

The unpolarized transmission was measured by UV-visible spectrophotometer (JASCO V-570) 

and used to measure the un-normalized m11(λ) Mueller matrix element.  The un-normalized 

m11(λ) and m14(λ) elements were used to determine the selective transmittance of each sample, 
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which is then converted to differential absorbance and ellipticity to quantify the circular 

dichroism.  The Mueller matrix was measured at several azimuthal orientations, and the m14(λ) 

element was found to be independent of azimuthal orientation.  This is an important 

consideration for oriented films, as discussed in Section 2.2.6.  Additionally, the ellipsometry 

measurements were carried out with both the Ag coating facing the incident light and facing 

opposite the incident light, and no change in the measured m14(λ) element was observed.   

Microscopic Optical Characterization: The circular polarized color micrographs shown in 

Figures 3.2.10c and 3.2.10d were obtained by placing a rotatable Glan Thompson linear 

polarizer (Thorlabs, Inc.) and an achromatic quarter-wave plate (Thorlabs, Inc., 450-800 nm) 

over the illumination light source of a microscope (Enwave Optronics, Inc., Microsense, Leica).  

The different circular polarizations, left or right (LCP and RCP), were chosen by rotating the 

Glan Thompson polarizer to the appropriate azimuth with respect to the fast axis of the quarter-

wave plate.  The images were collected by the light passing through sample and into a 40× 

objective, and captured using the microscope’s software (RamanReader – M). 

For the more detailed quantitative analysis, the same Glan Thompson polarizer and 

quarter-wave plate were placed over the light source of a Mitutoyo Ultraplan FS110 microscope.  

Additionally, a bandpass filter (Edmund Optics, Inc., RT-830) was placed after the quarter wave 

plate to select wavelengths greater than 700 nm.  The filtered, circular polarized light illuminated 

the samples from below, and the images of the samples’ surfaces were captured using a camera 

(Vision Research, Phantom V9.1) through a 10× objective mounted above the sample stage.  The 

images of the different samples (bare polystyrene monolayer, CW, CCW, and CW/CCW) 

illuminated using RCP and LCP light were analyzed using CellProfiler image analysis software 

in order to calculate the average intensity of the images.  The transmitted intensity for the 
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different polarizations for the CW, CCW, and CW/CCW films were calculated by normalizing 

their measured average intensities to the measured average intensity of the bare polystyrene 

monolayer under the same polarization condition.  The transmittances for LCP and RCP for each 

sample were then used to calculate the circular dichroism (CD) of each sample.  In order to 

measure the CD of individual domains, the images were cropped such that they only contained 

the domain of interest, and then the cropped images were analyzed as described above.    

 

3.2.7 Chiral patchy particles: optical properties 

Figure 3.2.10a shows the unpolarized transmission spectra of the three different films.  The 

spectra all appear very similar, especially for the CW and CCW films, with transmission dips 

occurring at nearly the same wavelengths, λ ≈ 450, 520, 600, and 750 nm.  Thus, for unpolarized 

light the different patchy films appear effectively identical. Figures 3.2.10b shows the measured 

CD spectra of the CW, CCW, and CW/CCW films, and in spite of their quasi-racemic nature, the 

patchy films show distinct CD spectra that vary significantly over the incident wavelengths, 

which cover the entire visible wavelength region and into the near-infrared region.  All films 

show both positive and negative features, but the substrate rotation direction during fabrication 

determines the magnitude and handedness of the optical activity at a specific wavelength.  While 

the CW/CCW film generally shows a weak response, the CW and CCW films exhibit 

considerable CD of opposite handedness, with magnitudes reaching as large as 2.2°.   In fact, the 

CD strengths of the CW and CCW films are comparable to some chiral metamaterials, such as 

twisted photonic crosses and planar gammadions,[42, 135] and is significantly stronger than 

many recent self-assembled and solution-based structures, such as gold nanoparticle helices  

 



 78 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

assembled using DNA or peptide scaffolding and chiral core-shell nanoparticles consisting of 

gold nanorods coated with a chiral silica shell.[49, 84, 136]   

In order to visualize how the different domains of the polycrystalline monolayer template 

contribute to the bulk CD response, the films were examined using a microscope and circular 

polarized light.  Figures 3.2.10c shows a representative color micrograph of a CW film under 

40× magnification and illuminated using right circular polarized light (RCP), while Figures 

3.2.10d shows a micrograph of the same region of the film illuminated using left circular 
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Figure 3.2.10. (a) Transmission spectra and (b) Circular dichroism spectra for the CW, 
CCW, and CW/CCW patchy particle films.  40× optical micrographs of a CW film showing 

individual monolayer domains and where the illuminating light is either (c) left circular 
polarized, LCP, or (d) right circular polarized, RCP.  Certain domains are labeled with “R”, 

“B”, or “N” in order to highlight the apparent color change with different circular 
polarizations. 
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polarized light (LCP).  In these micrographs one can see that different colloidal domains have 

different responses under RCP and LCP illumination.  Domains similar to the one labeled N in 

Figures 3.2.10c and 3.2.10d do not perceptibly change colors under the different circular 

polarizations and could correspond with an achiral morphology such as Figures 3.2.2a.  Other 

domains, similar to those labeled R and B, change color with the different circular polarizations, 

demonstrating that these domains have a chiral response and could correspond with highly chiral 

morphologies such as those depicted in Figures 3.2.2b and 3.2.2d.  The R and B domains in the 

figures have a symmetric response, but that is not necessarily true for all chiral domains.  

Quantitative analysis of microscopic images demonstrates that the CD averaged over many 

different domains agrees with bulk CD measurements.  The CD for wavelengths 700 – 800 nm 

for the CW, CCW, and CW/CCW films are found to be 0.89°, -1.9°, and 0.07°, respectively.  

However, the CD of individual domains in the CW film are found to have CD as large as 9.6° 

over wavelengths 700 –800 nm, which is an order of magnitude larger.  Thus, the microscopic 

analysis reveals that the significant circular dichroism of the film is actually the result of an 

incomplete cancellation of the even stronger local optical chiralities of individual domains. 

Furthermore, the optical measurements in general confirm that the chirality index, K, 

calculations for the simulated structures capture the essence of the optical measurements.  The 

CW/CCW film is approximated by the uniform condition, and the local chiralities of the domains 

(i.e., both K and CD) effectively cancel each other out.  The local chiralities of the CW and CCW 

films do not cancel each other out, resulting in chiral ensembles and optically active films. 
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3.2.5 Chiral patchy particles: conclusions 

  In conclusion, by combining SACMs with DSG, we have fabricated films composed of 

chiral patchy particles, where right- and left-handed enantiomers exist in equal proportion.  

However, the shadowing effect coupled with the rotation direction during fabrication breaks the 

racemic symmetry and results in a chiral distribution of material that enhances the overall 

geometric chirality of one set of enantiomers relative to the other.  This additional level of 

geometric chirality adds another controllable parameter in the fabrication of optically active 

films, allowing the response to be optimized for specific applications.  For example, a non-active 

racemic mixture of strongly chiral nanostructures is desirable for certain applications where large 

dissymmetry factors are essential,[137, 138] and by alternating the deposition directions, such a 

film can be achieved using this method.  For applications requiring significant optical activity, 

the substrate orientation and rotation direction can be tuned to match the template structure to 

increase the response.  Furthermore, chiral patchy coatings are not limited to plasmonic 

materials, and it is possible to design chiral patchy films with adjustable chirality in other 

properties, e.g, magnetic, hydrophobic, catalytic, etc.  The ease of fabrication and scalability of 

the method combined with significant and tunable chirality makes DSG chiral patchy films 

promising candidates for many applications. 

 

3.3 Stretched Chiral Patchy Particles 

As described above, SACMs can be used to fabricate chiral patchy particles, where an additional 

structural chirality results from the substrate rotation direction.  This is a natural consequence of 

the shadowing effect due to the presence of previously deposited material.  Intentionally 

depositing different thicknesses of material at each azimuthal angle can artificially enhance this 
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intrinsic effect and increase the structural chirality of the films.  Structures fabricated in this way 

are referred to as stretched chiral patchy particles because the difference in thickness appears to 

stretch the morphology of the traditional chiral patchy structures.   

The stretched chiral patchy films are prepared similar to the chiral patchy films, except 

that material is deposited in different incremental amounts at each azimuthal angle. For example, 

for the 180-120-60 film, material is deposited in 45 nm, 30 nm, and 15 nm increments at 0°, 

120°, and 240°, respectively, through four cycles.  Figures 3.3.1a – 3.3.1c show SEM images of 

such Ag stretched chiral patchy particles on d = 350 nm polystyrene spheres where different 

thicknesses of Ag have been deposited at three different azimuthal angles, ϕ = 0°, 120°, and 240° 

(Deposition 1, 2, and 3, respectively), following a CCW rotation.  Here, the labeling convention 

for the different films is that the deposition thickness in nanometers for each azimuthal angle is 

listed in order, e.g., 140-120-100 corresponds with a CCW stretched patchy film where the 

thickness for Depositions 1 – 3 were 140 nm, 120 nm, and 100 nm, respectively.  The stretching 

effect on the morphology is more pronounced for the 180-120-60 patches as seen in Figure 

3.3.1a.  In Figures 3.3.1b and 3.3.1c, the 140-120-100 patches appear virtually identical to the 

160-120-80 patches.  However, the chiral optical responses for the different stretched chiral 

patchy films are significantly different, as shown in the ΔT spectra (Figures 3.3.1d.  The main 

features of the ΔT spectra generally blue-shift with increasing disparity in the azimuthal 

thicknesses.  Interestingly, the maximum magnitude for ΔT is observed for the 160-120-80 film 

and not for the 180-120-60 film, indicating that the thickness distribution effect on chirality does 

not monotonically increase with increasing disparity.  These considerations are not just relevant 

to chiral patchy particles, as such chiral azimuthal thickness distributions can be employed in 

other fabrication techniques to achieve plasmonic optical activity.[75] 
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3.4 Oligomers 

In the stretched chiral patchy particle case, the structural and optical chirality of chiral patchy 

particles are enhanced by intentionally increasing the thickness disparity between azimuthal 

angles of the patch structure.  Although different thicknesses of Ag are deposited, all of the 

patches are approximately located in the same plane (though curved), which means that the 

structure itself is not truly 3D, rather quasi-3D.  If the individual patchy layers can be pulled out 

of the plane to different heights, a true 3D structure can be formed.  A simple and chiral way to 

obtain  such an  arrangement is to  deposit a thin dielectric  spacer layer after each Ag  deposition  

Figure 3.3.1. SEM images of stretched chiral patchy films on 350 nm-diameter SACM 
substrates where the thickness for Depositions 1, 2, and 3, respectively are (a) 180, 120, 60 

nm; (b) 160, 120, 80 nm; and (c) 140, 120, 100 nm.  (d) Circular polarization ΔT spectra for 
the stretched chiral patchy films shown in the SEM images. 
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(steps 3, 5, and 7) to achieve a helical arrangement of patches, as illustrated in Figure 3.4.1a.  

Specifically, 15 nm of MgF2 is deposited at vapor incident angle θ = 0°. Then, the substrate is 

repositioned such that the vapor incident angle is θ = 86°, and 80 nm of Ag is deposited. Next, 

the substrate is rotated azimuthally by φ = 90°, and the MgF2 and Ag depositions are again 

repeated using θ = 0° and θ = 86°, respectively. The substrate is then rotated azimuthally by 

another φ = 90°, and the MgF2 and Ag depositions are repeated once more. A final MgF2 

deposition at θ = 0° finishes the process. 

By stacking the patches helically, the rotation direction, CW or CCW, between patch 

depositions will more robustly define right- and left-handed enantiomers. These structures are 
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Figure 3.4.1. (a) Schematic of the fabrication process for the CW oligomer structure. (b) 
Unpolarized UV-visible absorbance spectra and the (c) circular polarization ΔT spectra for 

CW and CCW oligomer films on 500 nm-diameter SACM substrates. 
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referred to as oligomers since the individual patches are designed to be close but not touching, 

and are similar topologically to 3D oligomer structures fabricated using EBL.[40, 139]  Figure 

3.4.1b shows the unpolarized transmission spectra for CW and CCW oligomers films fabricated 

using the exact process shown Figure 3.4.1a, i.e., three 80 nm Ag patches at φ = 0°, 90°, and 

180°, respectively, separated by 15 nm MgF2 layers.  Similar to the results for the planar chiral 

patchy films, unpolarized light interacts with the CW and CCW oligomer films identically.  

However, the chiral enantiomorphism of the oligomers is obvious in the ΔT spectra (Figure 

3.4.1c), where it can be seen that CW and CCW oligomers exhibit significant yet opposite chiral 

optical properties. 

 

3.5 Patchy Staircase 

The motivation behind the patchy staircase structure is similar to that behind the oligomer 

structure.  That is, the patchy particle concept is quasi-3D, and additional optical chirality might 

be achieved by fully extending patchy coatings to three dimensions.  For the staircase structure, 

the idea is to deposit a dielectric scaffold (e.g., SiO2) onto SACMs, taking advantage of their 

symmetric shadowing profile to create unique structures. A uniform layer of a noble metal (e.g., 

Ag) is deposited such that it just covers the dielectric scaffold.  In this way, the dielectric 

scaffold pulls the plasmonic layer out of the substrate plane, creating a 3D structure.   

 This patchy staircase concept has been investigated using the stretched chiral patchy 

particle motif.   Figure 3.5.1 shows a simple simulation of the patch morphology on a bead 

where the original orientation of the monolayer domain is described by θ = 86° and φ0 = 5°.  

Three depositions of different thicknesses are performed at the same polar angle but at different 

azimuthal angles:  90 nm at φ0 , 60 nm at φ0 + 120°, and 30 nm at φ0 + 240°.  Although it is not  
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required, such azimuthal rotational steps (i.e., 60° or 120°) match the rotational symmetry of the 

HCP lattice of the SACMs.  To complete the process, a uniform Ag layer is deposited, following 

the same azimuthal step increments.  This process is used to create six different chiral patchy 

staircase structures with 60 nm of Ag on different SiO2 scaffolds using 200 nm SACM 

substrates.  Following the naming convention of the stretched chiral patchy particles (Section 

3.3), the dielectric scaffolds are: 30-20-10, 60-40-20, 90-60-30, 40-20-10, 90-30-10, and 160-40-

10.  These different heights were chosen to examine the effect of both uniform and non-uniform 

step heights. 

The CD spectra of the different samples were extracted from transmission generalized 

ellipsometry measurements using the method outlined in Section 2.2.6  These spectra, presented 

in Figure 3.5.2, show the characteristic bisignate signal resulting from a dipolar resonance.  For 

the set of films with uniform incremental steps, 30-20-10, 60-40-20, 90-60-30 (Deposition 1, 2, 

3, respectively), it appears that there is an optimal incremental spacing of the “steps” to 

maximize the CD response in the visible region.  In this case, 20 nm steps are the best.  There is 

also an optimal spacing for the set of films with non-uniform incremental steps, 40-20-10, 90-30-

10, and 160-40-10 (Deposition 4, 5, 6, respectively).  In this case, the spacing increase of 3× is 

Figure 3.5.1. Simple simulation of the patch morphology on a bead where the original 
orientation of the monolayer domain is described by θ = 86° and φ0 = 5°.  Three depositions 

of different thicknesses are performed at the same polar angle but at different azimuthal 
angles:  90 nm at φ0, 60 nm at φ0 + 120°, and 30 nm at φ0 + 240° 
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optimal.  Finally, it is interesting to note that the CD spectra for the uniform and non-uniform 

sets of films are approximately opposite.  Since the patchy staircase structures have a true chiral 

shape, the origin of their optical activity most likely arises from plasmonic mode mixing.[33] 

 

 

 

 

 

 

 

 

 

 

3.6 Spectral Tuning Through Galvanic Replacement Reaction 

For all of the structures described above, the fabrication of chiral structures is achieved through 

the “dry process” of physical vapor deposition.  However, the introduction of “wet chemistry” 

into the fabrication procedure will allow for additional modification and optimization of the 

different chiral structures.  In particular, the galvanic replacement reaction (GRR) is an 

interesting chemical process that is a facile and efficient way to replace Ag with a thin, 

conformal layer of Au.  While the GRR for Au replacing Ag is the best known, GRRs are a 

broad class of reactions, and the mechanism behind these spontaneous reactions is a difference in 

redox potentials.[140]  The specific GRR for Au replacing Au happens according to the 

following equation:[141] 
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Figure 3.5.2. CD spectra for the (a) 30-20-10, 60-40-20, 90-60-30 patchy staircases, 
Deposition 1, 2, 3, respectively and for the (b) 40-20-10, 90-30-10, and 160-40-10 patchy 

staircases, Deposition 4, 5, 6, respectively 
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3Ag(s) + HAuCl4 → Au(s) + 3AgCl(s) + HCl(aq)     (3.6.1) 

The standard reduction potential is 0.22 V for the AgCl/Ag pair and 0.99 V for AuCl4-/Au versus 

the standard hydrogen electrode, which drives the oxidation of the template material (Ag) by the 

metal (Au) salt precursor.  This single-step spontaneous electroless deposition process is a well-

known method and has been comprehensively studied.[142]  It has been established that GRR 

proceeds through two different processes (Figure 3.6.1):[143] (1) the Ag template is dissolved as 

Au atoms deposit epitaxially on the surface of the template to form a seamless, hollow 

nanostructure with an outer boundary composed of Au/Ag alloy; (2) a dealloying process that 

selectively removes Ag atoms from the alloyed walls leads to the formation of pores in the walls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

facets, the replacement reaction will start from the sites with
relatively high surface energies (typical examples include steps,
point defects, and stacking faults).25 Once the reaction has started
on the active site of each nanocube, the silver will start to
dissolve and a hole will be generated on one of its six faces.
The reaction is like a corrosion process, with silver being
oxidized at the anode. The released electrons can easily migrate
to the surface of the cube and be used to reduce AuCl4- into
Au atoms (cathode reaction). The elemental gold generated in
the replacement reaction tends to be deposited on the surface
of each template because of a good matching between the
crystalline structures (both gold and silver are face-centered
cubic) and lattice constants (4.0786 and 4.0862 Å for gold and
silver, respectively). The epitaxial deposition will lead to the
formation of a thin, incomplete layer of gold (step A), which
can prevent the underneath silver from reacting with HAuCl4.
As a result, the hole will continue to serve as an active site for
subsequent reaction. At the same time, such an opening on the
surface allows all the species (e.g., AuCl4-, Ag+, Cl-, and Au)
to continuously diffuse in and out of the hole. The dissolution
of silver transforms each silver nanocube into a structure
characterized by a hollow interior (step B). The generated gold
atoms continue to grow on the outer surface of the template
and gradually reduce the area of opening via various mass
diffusion processes.
When the concentration of HAuCl4 is high enough, the void

size inside the template will be enlarged to its maximum size
and the hole on its surface will disappear, leading to the
formation of a boxlike structure with uniform and homogeneous
walls (step C). Along with the replacement reaction between
the silver template and HAuCl4 (steps A, B, and C), alloying

also occurs between the deposited gold layer and the underlying
silver surface because the diffusion rates of silver and gold atoms
are relatively high at 100 °C.19 As a matter of fact, silver and
gold tend to form a nearly ideal solid solution because the
homogeneous Au-Ag alloy will be more stable than either pure
Au or Ag.26 In this case, the composition profile of the Au-
Ag alloyed wall should evolve with time according to Fick’s
second law. The relevant solution for the interdiffusing interface
with mutually soluble components can be expressed as27

Here, D is the interdiffusion coefficient, and C is the atomic
fraction of gold as a function of time (t) and distance (x)
separated from the interface. D is strongly dependent on the
temperature and film thickness. Its magnitude can be signifi-
cantly increased as the temperature is raised and the thickness
of gold layer is reduced.19,28 Miesel and co-workers had
investigated the spontaneous alloying process of Au-Ag core-
shell nanoparticles with different sizes.29 Their results suggested
that the D was on the order of 10-24 m2 s-1 at room temperature
when 2.5 nm Au core particles were coated with 1-nm Ag layers.
On the basis of the Arrhenius equation

the value of D is estimated to be on the order of 10-19 m2 s-1
when the temperature is increased to 100 °C. In this case, the
activation enthalpy, ∆Ha, is taken as 1.58 eV.30 In our
experiments, the gold layers formed at the early stages (steps
A, B, and C) were thinner than 2.5 nm. Therefore, it is
reasonable to assume that the interdiffusion coefficient is around
10-19 m2 s-1 in the formation of Au-Ag alloy walls. According
to eq 2, the gold layer should contain at least 10% silver even
though the nanobox is only annealed at 100 °C for 20 s. As the
annealing time is prolonged, a more homogeneous wall with a
high percentage of Ag should be formed.
If more HAuCl4 is added to the reaction system, the silver

atoms in the Au-Ag nanoboxes will be selectively removed.
In this so-called dealloying process,31 numerous lattice vacancies
will be formed because only one gold atom can be generated at
the expense of three silver atoms, according to the stoichiometric
relationship shown in eq 1. These defects can generate negative
curvatures for the solid walls and thus cause the interfacial area
and the surface energy to increase.21 To release these lattice
vacancies, the nanobox will reconstruct its morphology via
Ostwald ripening.32 As a result, each corner of the box will be
truncated to form new faces bounded by a {111} crystal-
lographic plane (step D). Such a morphological change saves
the total surface energy in two ways: (i) by reducing the total
surface area by replacing three {100} planes of each corner with
one {111} plane and (ii) by reducing the surface energy per

(25) Wang, Z. L.; Ahmad, T. S.; El-Sayed, M. A. Surf. Sci. 1997, 380, 302.

(26) Shi, H.; Zhang, L.; Cai, W. J. Appl. Phys. 2000, 87, 1572.
(27) Porter, D. A.; Easterling, K. E. PhaseTtransformation in Metals and Alloys,

2nd ed.; Chapman & Hall: London, 1992.
(28) (a) Wonnell, S. K.; Delaye, J. M.; Bibolé, M.; Limoge, Y. J. Appl. Phys.

1992, 72, 5195. (b) Ding, Y.; Erlebacher, J. J. Am. Chem. Soc. 2003, 125,
7772.

(29) Shibata, T.; Bunker, B. A.; Zhang, Z.; Meisel, D.; Vardeman, C. F., II;
Gezelter, J. D. J. Am. Chem. Soc. 2002, 124, 11989.

(30) Bukaluk, A. Appl. Surf. Sci. 2001, 175-176, 790.
(31) Erlebacher, J.; Aziz, M. J.; Karma, A.; Dimitrov, N.; Sieradzki, K. Nature

2001, 410, 450.
(32) Roosen, A. R.; Carter, W. C. Physica A 1998, 261, 232.

Figure 6. Schematic illustration summarizing all morphological and
structural changes involved in the galvanic replacement reaction between
a silver nanocube and an aqueous HAuCl4 solution. The major steps include
the following: (A) initiation of replacement reaction at a specific spot with
relatively high surface energy; (B) continuation of the replacement reaction
between Ag and HAuCl4 and the formation of a partially hollow nano-
structure; (C) formation of nanoboxes with a uniform, smooth, homogeneous
wall composed of Au-Ag alloy; (D) initiation of dealloying and morpho-
logical reconstruction of the Au-Ag nanobox; (E, F) continuation of
dealloying, together with the formation of pores in the wall; and (G)
fragmentation of the porous Au nanobox. The cross-sectional views
correspond to the plane along dashed lines.

C(x,t) ) 0.5 + 0.5erf{x/[2(Dt)1/2]} (2)

D ) D0 exp(-∆Ha/kT) (3)

A R T I C L E S Sun and Xia

3898 J. AM. CHEM. SOC. 9 VOL. 126, NO. 12, 2004

Figure 3.6.1. Schematic of the GRR process. The major steps include the following: (A) 
initiation of replacement reaction at a specific spot with relatively high surface energy; (B) 
continuation of the replacement reaction between Ag and HAuCl4 and the formation of a 

partially hollow nanostructure; (C) formation of nanoboxes with a uniform, smooth, 
homogeneous wall composed of Au-Ag alloy; (D) initiation of dealloying and morphological 

reconstruction of the Au-Ag nanobox; (E, F) continuation of dealloying, together with the 
formation of pores in the wall; and (G) fragmentation of the porous Au nanobox. The cross-

sectional views correspond to the plane along dashed lines.  Ref.[143] 
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Thus, the GRR offers a route to modify Ag nanostructures to variously create bimetallic Ag/Au 

structures, porous Ag/Au bimetallic structures, and porous pure Ag nanostructures, where the 

different type of structure achieved depends on the reaction parameters (time, concentrations, 

etc.).  This offers a potential method to tune the plasmonic properties of nanostructure, which is a 

function of material and morphology.  Furthermore, such bimetallic structures can exhibit unique 

properties not found in single material nanostructures, including enhanced activity of plasmonic 

resonances.[144]    

 From the discussion above, it is clear that chiral plasmonic nanostructures could benefit 

from the application of the Au/Ag GRR, yet no such study has been performed.  Therefore, we 

have applied the Au/Ag GRR (reaction equation 3.6.1) to the chiral patchy particle structure, and 

monitored the optical response as a function of time using in-situ transmission ellipsometry.  

Specifically, GRR was performed by first completely immersing each of the as-deposited chiral 

patchy films into a separate Eppendorf tubes containing 1 mL of 0.1 mM chloroaurate acid 

solution (HAuCl4.3H2O, 99.999%, Sigma-Aldrich). The Ag patchy particle substrates were 

immersed in solution for a pre-determined times, corresponding with a total immersion time of t 

= 1 s, 30 s, 1 min, 2 min, 3 min, 4 min, 5 min, 7 min, 10 min, 15 min, and 20 min. After 

removing from the test tubes at a specified time period, each sample was rinsed thoroughly by DI 

water, followed by N2 drying, measured by ellipsometry, and then either re-immersed for further 

treatments and measurements or set aside for morphological characterization. 

The CD spectra for a chiral patchy particle film for different GRR times at various 

increments over 20 minutes are shown in Figure 3.6.2. The chiral patchy particle film is a single 

domain structure, and therefore, the CD response is initially very strong, showing many 

resonances  and  convoluted  bisignate  features.   As the GRR time,  t,  proceeds,  these  features 
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decrease in intensity and red-shift, and after t = 10 minutes, a significant reduction in intensity is 

observed.  No significant changes are observed in the spectra over the t = 15 – 20 minute period.  

Notably, the negative peak that is initially around λ = 700 nm, Peak 1, red-shifts by more than 

250 nm during the GRR process, and after only 4 minutes reaction time, it has already shifted to 

near λ  =  900 nm (Figure 3.6.3a).   Furthermore,  the intensity of this peak does not significantly  

 

 

 

 

 

 

Figure 3.6.2. The CD spectra for a chiral patchy particle film for different GRR times at 
various increments over 20 minutes.  Peaks 1 and 2 represent the lowest and highest energy 

peaks in the measured region. 
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Figure 3.6.3. (a) Peak location and (b) CD intensity of Peaks 1 and 2 as function of time 
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change over the range t = 0.5 – 4 minutes (Figure 3.6.3b), and over this same period, the peak 

shifts from λ ~ 700 – 900 nm.  On the other hand, Peak 2 does not significantly change its 

spectral location over the GRR, hovering around λ = 520 nm, yet its intensity follows the same 

pattern as Peak 1 and does not significantly change over the range t = 0.5 – 4 minutes (Figure 

3.6.3).  Thus, the GRR method offers a potential method to dynamically tune the CD response 

over a wide range in the visible and near-infrared region.   

 In order to better understand the morphology changes in the Ag chiral patchy particles 

during the GRR, SEM images were taken at various stages during the reaction process.  Figure 

3.6.4 shows the micrographs for t = 0, 1.5, 20 minutes.  There appears to be a slight increase in 

the porosity and surface roughness of the structures after t = 1.5 minutes.  After t = 20 minutes, 

the patchy coating is significantly rougher and more porous, and some of the patches have been 

pulled off of the polystyrene beads.  Additionally, new crystal structures appear on the surface of 

the film.  Interestingly, these crystals interact strongly with the electron beam of the microscope, 

and change from well-defined cubic and rectangular structures to globular, amorphous structures 

after a few seconds of electron beam irradiation (Figure 3.6.5). 

 

 

 

 

 

 

 

 

(a) (b) (c) 

1 µm 

Figure 3.6.4. SEM micrographs of the Ag chiral patchy structure after GRR reaction times of 
(a) – (c) t = 0, 1.5, 20 minutes, respectively.   
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Energy-dispersive X-ray spectroscopy (EDX) measurements were performed in order to 

confirm the composition of the patchy particles during the GRR process.  Interestingly, the EDX 

spectra were virtually identical over the t = 0.5 - 20 minute time period, showing only the 

presence of Ag and Cl within the large background of C and Si (from the SACM substrates).  

Thus, X-ray diffraction (XRD) measurements were also used to determine the crystalline 

composition of the patchy particles.  As expected, the chiral patchy particles show a 

polycrystalline Ag diffraction pattern at t = 0 (Figure 3.6.6a).  However, after t = 20 minutes, 

new peaks emerge that correspond with the diffraction pattern of AgCl.  Thus, it is highly likely 

that the new crystals seen in the SEM images at t = 20 minutes (Figure 3.6.4) are AgCl that are 

produced during the reaction, as described in Equation 3.6.1.  The known reversible 

photochromic  decomposition  of  AgCl could  be related  to the  morphological  changes seen  in  

Figure 3.6.5. SEM micrographs showing the morphological changes induced by the electron 
beam irradiation.  The arrows indicate the time flow.   
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(Figure 3.6.4).  It is important to note that the XRD measurements are not able to detect the 

presence of Au in this case since the diffraction peaks of Au are completely overlapped by the 

peaks of Ag.  It does appear that the GRR reaction occurs as described in Equation 3.6.1 given 

the presence of AgCl in significant enough amounts to be detected by XRD.  That is, Ag from 

the chiral patchy coatings is being consumed and creating AgCl.  However, it does not appear 

that the Au epitaxially replaces Ag within the patches during the GRR process, especially since 

EDX does not provide direct evidence for the presence of Au on the surface of the films.  At this 

point it is not clear where the Au does deposit, if it does not deposit epitaxially, and further 

analyses are necessary.   It is suspected that the surface roughness of the deposited Ag and the 

presence of the polystyrene nanospheres might play a role in the abnormal behavior of the Au 

atoms in this structure.[145, 146]   

Figure 3.6.6. XRD diffraction pattern for the Ag chiral patchy particles after GRR reaction 
times of (a) t = 0 and (b) t = 20 minutes. (c) XRD peak attributions  
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 In conclusion, chiral patchy particle films were modified by the Au/Ag galvanic 

replacement reaction.  The reaction induced morphological changes in the Ag patchy coatings by 

increasing the surface roughness, creating additional pores, and depositing AgCl on the surfaces.  

While Au or Au/Ag alloy was not detected in meaningful quantities, the GRR significantly 

modified the CD spectra of the chiral patchy films in a very short time period.  In general, the 

CD intensity decreased and the spectral features red-shifted.   Notably though, a negative peak 

shifted from λ ~ 700 – 900 nm over the reaction times t = 0 – 4 minutes, without a change in 

magnitude.  Thus, as desired, the GRR method does dynamically modify the CD response of the 

chiral patchy particles over a wide range of wavelengths in the visible and near-infrared region.  

These results demonstrate that the combination of DSG for chiral structure fabrication, coupled 

with wet chemical methods, such as GRR, offers significant freedom and potential in the design 

of chiral plasmonic structures for specific applications.   
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CHAPTER 4 

 

CHIRAL SENSORS 

 

4.1 Introduction 

Chirality is an intrinsic property of living matter, and the homochirality of biomolecules 

is one of science’s greatest unanswered questions.  That is, biomolecules are generally chiral, 

and for some unknown reason, most naturally occurring biomolecules have the same handedness.  

For example, amino acids are almost always left-handed, while sugars are almost always right-

handed.  Even without its implications regarding the origin of life, the homochirality of life is an 

extremely important consideration because it means that different handed molecules can have 

vastly different effects on the human body.  Perhaps the most famous and tragic example of this 

is the case of thalidomide.  One enantiomer of thalidomide is effective in the treatment of 

morning sickness, while the other causes severe birth defects.  Unfortunately, the drug was 

administered in racemic mixtures (equal quantities of both enantiomers) to pregnant women, and 

over ten thousand infants worldwide were born without limbs or with shortened limbs.  

Therefore, there is a clear advantage to biomolecule detection methods that can detect not only 

the chemical composition, but also the chirality of a molecule.   

Interestingly, chiral plasmonic materials have very recently demonstrated a number of 

unique properties that could serve as the basis for such chiral sensing platforms.[23, 147-149]  

For  example, Hendry et al. have  shown that the chiral optical plasmonic  resonances of  a chiral  
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metamaterial composed of gold gammadions are not only sensitive to ambient refractive index 

changes induced by adsorbed biomolecules as in traditional localized surface plasmonic 

resonance (LSPR) sensing, but are also sensitive to the chiral molecular structure of these 

molecules.  In this case, adsorbed molecules altered the circular dichroism (CD) spectra of 

metamaterials composed of identical, yet different handed gammadions, where the change in 

magnitude and spectral location of the CD response depended on both the handedness of the 

material and  the specific supramolecular structure of the  biomolecule (Figure 4.1.1).[23]   This  

induced by a dielectric layer is normally described approximately
by14,15

Dl = mDn 1 − exp −2d/ld
( )[ ]

(1)

where m is a constant, Dn is the change in effective refractive index
(from that of the buffer solution) induced by molecules near the
metallic surfaces, d is the thickness of the molecular layer, and ld
represents the spatial evanescent decay of local fields. The quantity
m represents the sensitivity of the nanomaterial towards changes in
local refractive index, and will be different for each LSPR mode. For
the PCMs used in this study, three chiral modes (labelled I, II and
III) display the largest m values. These three modes demonstrate
the largest Dl following changes in the local environment of the
gammadions (for example, on changing the refractive index of the
surrounding liquid; see Supplementary Information).

As in previous studies10–15, shifts in the LSPRs are here attributed
to adsorption of macromolecules in high field regions, which
induces shifts in LSPR wavelengths. We determined how a range
of adsorbed chiral materials, with different supramolecular struc-
tures, influences the chiral LSPRs. The simplest chiral adsorbate
studied here was the amino acid tryptophan, which binds to the
surface in a flat geometry by means of its carboxylate group and
ring system, forming a planar ‘two-dimensional’ chiral monolayer16.
We also studied six proteins: myoglobin, haemoglobin and bovine
serum albumin, which have high levels of a-helical secondary struc-
ture18, and b-lactoglobulin, outer membrane protein A (Omp A)
and concanavalin A, which have high levels of b-sheet secondary
structure17. Upon adsorption, protein tertiary structure is strongly
modified by the drive to minimize the surface free energy of the
interface, but the secondary structure remains largely native18.

Our data show that the supramolecular structure of an adsorbed
chiral layer strongly affects the influence it has on the chiral plasmo-
nic resonances of the PCM. This is demonstrated by the observed
shifts in the resonance wavelengths (DlLH and DlRH for LSPRs of
the LH and RH PCMs, respectively) induced by adsorption of differ-
ent molecular species (indicated in Fig. 1b). For the adsorption of

some of the chiral molecular layers, the values of DlLH and DlRH
are found to be different. We also observe a concurrent asymmetry
in the LSPR intensities (note the asymmetry in mode III in the
spectra in Fig. 1b). In contrast, for an achiral adsorption layer, no
dissymmetry was observed between LH and RH PCMs (we demon-
strated this by placing the PCMs in ethanol instead of water; further
confirmation was obtained by collecting spectra from PCMs that
had films of an achiral molecule deposited upon them, see
Supplementary Information). We therefore parameterized the dis-
symmetries in the shifts of the LSPRs on adsorption of chiral
layers using DDl¼ DlRH 2 DlLH (see Fig. 3b). The largest values
for DDl were found for the adsorption of tryptophan and for the
three b-sheet proteins. All three b-sheet protein species induce posi-
tive values for DDl, whereas tryptophan adsorption gives rise to
negative values. The values of DDl have a similar fingerprint for
different adsorbed species; modes II and III give rise to the largest
dissymmetries, and mode I displays significantly smaller dissymme-
tries in each case. The large dissymmetries observed for adsorption
of tryptophan and the b-sheet proteins do not appear to be associ-
ated with the previously reported phenomenon of adsorbate-
induced conveying of chirality onto the electronic structures of
metals19–21; this is demonstrated by the absence of any detected
optical activity from achiral crosses after the adsorption of chiral
layers (see Supplementary Information). Our observation is also
unrelated to the previously reported phenomenon of CD spectra
from a biomacromolecule being enhanced in the presence of a plas-
monic particle22,23. This resonant enhancement arises because an
electronic transition of the molecular system overlaps with the plas-
monic resonance of the particle. The chiral materials studied have
been deliberately chosen so that they do not have an optical exci-
tation that coincides with a resonance of the PCM, to preclude
the possibility of observing a plasmonic resonant enhancement.

In contrast to the behaviour found for tryptophan and the three
b-sheet proteins, the three a-helical proteins induced comparatively
small dissymmetries (DDl≈ 0 within experimental error). This
behaviour cannot be attributed to lower levels, or even absence, of
molecular adsorption. We verified this by monitoring the average
shift DlAV¼ (DlRHþ DlLH)/2 for the PCMs (Fig. 3a), which is a
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Figure 1 | Changes induced in the chiral plasmonic resonances of the PCM are readily detected using CD spectroscopy. a, CD spectra collected from
LH/RH PCMs immersed in distilled water. The three modes that show the largest sensitivity to changes in the local refractive index of the surrounding
medium have been labelled I, II and III. Shown to the right of each spectrum is an electron micrograph of the PCM displaying the gammadion structure and
periodicity. b, Influence of the adsorbed proteins haemoglobin, b-lactoglobulin and thermally denatured b-lactoglobulin on the CD spectra of the PCMs. Red
spectra were collected in Tris buffer before protein adsorption (solid line, LH PCM; dashed line, RH PCM), and black spectra were collected after protein
adsorption. Magnitudes and directions of DlRH/LH values of mode II for b-lactoglobulin adsorption have been highlighed. c, Haemoglobin (upper) and
b-lactoglobulin (lower) (a-helix, cyan cylinder; b-sheet, ribbons), shown adopting a well-defined arbitrary structure with respect to a surface. The figure
illustrates the more anisotropic nature of adsorbed b-lactoglobulin.
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Figure 4.1.1. Changes induced in the chiral plasmonic resonances of the PCM are readily 
detected using CD spectroscopy. (a) CD spectra collected from LH/RH PCMs immersed in 

distilled water. The three modes that show the largest sensitivity to changes in the local 
refractive index of the surrounding medium have been labeled I, II and III. Shown to the right 
of each spectrum is an electron micrograph of the PCM displaying the gammadion structure 

and periodicity. (b) Influence of the adsorbed proteins haemoglobin, β-lactoglobulin and 
thermally denatured β-lactoglobulin on the CD spectra of the PCMs. Red spectra were 
collected in Tris buffer before protein adsorption (solid line, LH PCM; dashed line, RH 

PCM), and black spectra were collected after protein adsorption. Magnitudes and directions 
of DlRH/LH values of mode II for β-lactoglobulin adsorption have been highlighted. Ref. [23] 
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sensitivity to the structural chirality of the surrounding medium is an entirely new phenomenon 

and is attributed to coupling between the adsorbed molecules and the superchiral local 

electromagnetic fields generated by the chiral noble metal meta-atoms.[150]  Even without such 

exotic effects, chiral plasmonic sensing can achieve remarkable sensitivity by target-induced 

changes in the chirality of metal nanoparticle assemblies, i.e., the molecule of interest alters the 

structural chirality of metal nanoparticle assemblies, which then can be measured by CD 

spectroscopy (Figure 4.1.2).  For example, DNA has been detected with attomolar sensitivity by 

using DNA-bridged gold nanorod helical assemblies,[148] and target-induced chiral dimerization 

of gold nanoparticles has demonstrated the ultrasensitive detection of both an environmental 

toxin, microcystin-LR, and a cancer biomarker, prostate-specific antigen.[149]  These chiral 

Chirality of nanoparticles (NPs) and their assemblies have
recently attracted substantial interest among materials
scientists1–5. There now exist examples of NP assemblies

with pyramidal3,6,7 and helical morphologies2,8, and strong chiral
responses are predicted for other geometries9,10. The chiro-optical
properties of nanomaterials originate from the atomic-scale
chirality of the inorganic core of NPs11, the chiral arrangement
of the thiolates on their surfaces12, the electronic ‘imprint’
of chirality due to adsorbed chiral organic molecules on NPs
surface (for example, DNA and peptides)13,14, and from
the intrinsic chiral geometry of NPs or their assemblies at nano-
and submicron-scales2,3,6–8. Currently, chiral nanostructures
are prepared using chiral templates, for instance, DNA including
the origami approach2, helical fibres15, twisted nanoribbons8 or by
lithography16, and the primary motivation for the development
of chiral nanomaterials is the possibility of creating chiral
metamaterials with negative refractive indices17. Optical devices
utilizing these phenomena are intriguing, but fundamental
challenges remain for the practically relevant infrared and
visible range.

In this study, we pursue the bioanalytical potential of self-
assembled chiral nanoscale superstructures. We demonstrate that
the limit of DNA detection reached by side-by-side (SBS)
assemblies of Au nanorods (NRs) using chiral bisignate plasmonic
signals could be markedly lower than those reported for other
widely discussed optical methods employing ultraviolet–visible
absorption18 of coupled plasmons, fluorescence tagging19 and
surface-enhanced Raman scattering (SERS)20. In addition, these
results compete well for single molecular detection of analytes21,
due to an alternative dependence of optical polarization effects
between interdistant plasmonic particles.

Results
NR assemblies by PCR. In this study, chiral assemblies of gold
NRs were made using a polymerase chain reaction (PCR)
(Fig. 1a)22. The use of PCR allowed for the controlled growth of
NP and NR assemblies connected by DNA, where the number of

thermal cycles determined the lengths and complexity of the
resulting superstructures (Fig. 1). The mode of attachment of NRs
to each other followed either an end-to-end (ETE) or a SBS
assembly pattern, controlled by the placement of the PCR primers
(Fig. 1).

The gold NRs had lengths and diameters of 62 nm and 22 nm,
respectively, with an aspect ratio of 2.9. Preferential binding of
thiol-terminated primers to the end facets of the NRs allowed for
the ETE growth mode for the NR chains (Fig. 1b)5. To obtain SBS
assemblies, Au NRs were modified by dithiothreitol (DTT)
binding to the end sites and thiol polyethylene glycol. These
modifications make NRs stable for a wide range of solution
conditions and protects them from excessive modification by
thiols22. Subsequent addition of the thiolated primer resulted in
preferential attachment to the sides of the NRs. Once introduced
to the PCR replication system, NRs modified with DNA strands
either at their sides or ends acted as ‘monomers’ for the PCR
assembly (Fig. 1c) and ‘building blocks’ for the resulting
nanoscale assemblies. Variations in the placement of the
primers allowed for finely controlled synthesis of extended NR
‘chains’ and ‘ladders’. The number of PCR cycles, n, regulated the
length of the assemblies (Figs 2a–f and 3a–f, Supplementary
Figs S1–S11). The NR attachment patterns were retained until
n¼ 20 and 30 for ETE and SBS assemblies, respectively
(Supplementary Figs S6, S11). Modified Au NRs without PCR
(n¼ 0) organized sporadically (Figs 2a and 3a). The consistent
elongation of NR ‘chains’ and ‘ladders’ with increasing n was
confirmed by dynamic light scattering measurements of
the hydrodynamic diameter (Dh). For the ETE assembly, Dh
increased from 102±2.1 to 701±15 nm as n increased from 2
to 20 cycles. For the same values of n, Dh increased from 88±3.1
to 408±23.2 nm in the case of SBS assembly (Supplementary
Fig. S12). This change in Dh correlates well with the increase
of statistically averaged number of NRs in ETE and SBS
assemblies for different n values (Supplementary Figs S13–S17).
As expected, the length of ETE is greater than those for
SBS assemblies because of the sideway attachment of NRs in

Primer for
replication

Taq plus
Strand to be replicated

Primered DNA 5′3′

d

Primer 1

Primer 2

DNA from PCR
amplification

Four different bases:
A, G, C, T

Figure 1 | Schematics for PCR assembly of Au NRs. (a) PCR replication procedure in which a DNA strand can be ampilified using primer, template DNA,
taq plus polymerase and four different DNA bases. (b) PCR-based gold NRs ETE assembly. (c) PCR-based gold NRs SBS assembly with inter-NR gap d; in
the bottom part of the panel the DNA chains were removed for clarity.
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2 NATURE COMMUNICATIONS | 4:2689 | DOI: 10.1038/ncomms3689 | www.nature.com/naturecommunications

& 2013 Macmillan Publishers Limited. All rights reserved.

Figure 4.1.2. Schematics for PCR assembly of Au NRs. (a) PCR replication procedure in 
which a DNA strand can be amplified using primer, template DNA, taq plus polymerase and 
four different DNA bases. (b) PCR-based gold NRs ETE assembly. (c) PCR-based gold NRs 

SBS assembly with inter-NR gap d; in the bottom part of the panel the DNA chains were 
removed for clarity. Ref. [148] 

 



 97 

plasmonic approaches offer significant improvements in the level of detection over other 

available methods, and such excellent results are attributed to the strong plasmonic signals and 

signal amplification due to the bisignate nature of CD bands.  

Though the concept of chiral plasmonic sensing is new, the basic premise is similar to 

traditional LSPR sensors,[151] except that in the chiral case the signal is provided by two 

different entities, the spectral location of the LSPR peak and the polarization state of the 

measured light.  The additional information provided by the polarization increases sensitivity, 

improves signal-to-noise ratios and accuracy, creates redundancy in the measurement, and allows 

for novel implementation schemes without significantly increasing the complexity of 

measurement, as the polarization state can be assessed using linear polarizers. Given their 

potential for simple measurement and high sensitivity, chiral metamaterial sensors could negate 

the need for advanced laboratory equipment and personnel for analysis, and instead the optical 

response could be measured by the naked eye or smartphone.[152]  Such straightforward 

interpretation would take biomolecule detection out of the laboratory and into the field and 

retail/household environments.  

From the discussion above, it is clear that chiral plasmonics have significant potential for 

sensor applications.  Unfortunately, chiral metamaterials and chiral nanoparticle assemblies that 

are active in the visible wavelength region must have nanoscale chiral structural features (1-100 

nm), and this makes their fabrication very challenging, generally requiring expensive and time-

consuming processes.  Consequently, systematic studies of optical sensing using chiral 

plasmonic materials are severely lacking.  Furthermore, not only do these fabrication challenges 

serve as impediments to the applied research of chiral plasmonics, but they also impose a severe 

obstacle to their transition out of the laboratory and into the real world.  Sensing applications are 
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inherently substrate intensive and industrially minded, and, consequently, a simple and scalable 

method of producing chiral metamaterials is necessary in order to investigate their promise as 

ultrasensitive optical sensors.  As described in Chapters 2 and 3, DSG is a simple and 

straightforward method to obtain chiral materials with properties that are comparable with the 

best performing devices produced using other elaborate methods. Thus, the DSG method of 

fabricating chiral plasmonic structures is ideally suited to investigate chiral plasmonic sensing 

applications.  This chapter describes an initial experiment in using DSG chiral nanostructures for 

biosensing of chiral molecules.   

  

4.2 Stretched SiO2 Patchy Particles + Ag Thin Film 

A new DSG chiral nanostructure, stretched SiO2 patchy particle + Ag thin film, was chosen and 

designed for the biosensing experiment.  The structure is very similar to the patchy staircase 

(Section 3.5).  A SiO2 stretched chiral patchy structure (90-60-30, in this case) is used as a 

dielectric scaffold for a subsequent Ag layer, which, different from the patchy staircase, is 

deposited as a thin film (i.e., vapor incident angle, θ = 0°) in order to coat the entire top surface 

of the SACM with a uniform layer of Ag.  Five different Ag thicknesses were used (tAg = 0, 5, 

10, 20, and 50 nm), and three different SACM diameters were used (d = 200, 350, and 500 nm), 

creating 15 different films to be tested.  SEM micrographs of some these different films are 

shown in Figure 4.2.1.  As can be seen in the films with tAg = 10 nm, the SiO2 patch has a more 

defined morphology for the larger diameter SACM substrates (d = 350 and 500 nm) due to the 

less severe curvature and the improved monolayer quality.  As the thickness increases, the Ag 

layer transitions from smaller, more isolated islands for tAg = 10 nm to a mostly continuous thin 

film  for tAg  =  50 nm.  This  array  of  different  structures was  chosen  such  that  the plasmonic  
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properties of the films could be optimized for use as both chiral sensors and SERS substrates.  

This requires that there be strong plasmonic absorption near the excitation wavelength of the 

Raman laser (λ = 785 nm), a significant number of hotspots, and considerable optical activity.   

The plasmonic absorbance can be characterized by UV-visible-NIR transmittance 

measurements, and the spectra for the different films are shown in Figure 4.2.2.  The d = 200 nm 

films do not show a Bragg mode peak from the SACM substrates, and an obvious plasmonic dip 

is observed for all Ag thicknesses.  This transmittance loss generally broadens and red-shifts 

with increasing tAg.  For the d = 350 and 500 nm films, the Bragg resonances from the SACM 

substrates are convoluted with LSPR resonances of the Ag layer, but similar to the d = 200 nm 

films,  there are obvious  broadband  transmittance losses which intensify, broaden, and  red-shift  

0.5 µm 

(a) (b) (c) 

(d) (e) 

1.5 µm 

Figure 4.2.1. SEM micrographs of the 90-60-30 SiO2 + 10 nm Ag structure on (a) – (c) D = 
200, 350, and 500 nm SACM substrates, respectively.  (d) 90-60-30 SiO2 +20 nm Ag structure 
on d = 200 nm SACM  substrates (e) 90-60-30 SiO2 +50 nm Ag layers on d = 200 nm SACM  

substrates.  The scale bars are 0.5 µm, unless otherwise noted. 
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with increasing tAg.  In general, all films with tAg > 20 nm exhibit plasmonic absorbance at λ = 

785 nm.  The optical activity of the films can be characterized by transmission ellipsometry, 

where CD is proportional to the m14 Mueller matrix element.  The m14 spectra of the different 

films are shown in Figure 4.2.3.  In general, these spectra follow the same trends established in 

the transmittance spectra.  Films on d = 350 and 500 nm SACM substrates show more 

complicated spectra due to chirality induced in the Bragg modes.  The addition of an Ag layer 

creates new spectral features at the longer wavelengths, and these generally intensify, broaden, 

and red-shift with increasing tAg.  Corresponding with the increase in plasmonic absorbance, all 

films with tAg > 20 nm exhibit significant plasmonic optical activity.   

In order to test their SERS activity, the “standard” SERS measurements were performed 

on these different substrates.  Specifically, 2 µL of 10-5 of trans-1,2-bis (4-pyridyl) ethene (BPE, 

Aldrich, 99.9+%) solution in methanol (MeOH) was dropped onto the surface of the films and 

allowed to dry.  Then the films were loaded onto the Raman microscope stage, where the SERS 

spectra were collected using the λ = 785 nm laser at 30 mW of power and 10 second integration 

time.  The resulting spectra are averaged over 10 measurements.  Representative SERS spectra 

are  shown  in   Figure 4.2.4.    Previous  studies  have  shown  that  the  BPE  molecule  exhibits  
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Figure 4.2.2. Transmittance spectra for the 90-60-30 SiO2 + Ag structures on (a) – (c) D = 
200, 350, and 500 nm SACM substrates, respectively. The Ag layer thickness varies from tAg = 

0 – 50 nm. 
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characteristic SERS peaks at Δν = 1200 cm-1, 1604 cm-1, and 1634 cm-1, which are attributed to 

the C=C stretching mode, aromatic ring stretching mode and in-plane ring mode, 

respectively.[153]  The obtained SERS spectra show many more peaks due to the background 

signal, but peaks at Δν ≈ 1604 cm-1 and 1640 cm-1 are distinguishable.  In general, it was found 

that the tAg = 20 nm film always exhibited much larger SERS activity than the other thicknesses, 

while the diameter of the SACM had little effect on the SERS activity, with the 350 nm SACM 

usually having slightly higher activity than the 500 nm and more than the 200 nm.  These results 

are consistent with the trends seen in the optical properties and morphologies.  Films of different 

SACM diameters with tAg  ≥  20 nm all exhibited strong absorbance at λ = 785 nm, and therefore,  

Figure 4.2.3. m14 spectra for the 90-60-30 SiO2 + Ag structure on (a) – (c) D = 200, 350, and 
500 nm SACM substrates, respectively. The Ag layer thickness varies from tAg = 0 – 50 nm.  

Note that the tAg = 50 nm film has the ordinate axis to the right.  
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should couple fairly equally with the excitation laser.  However, the morphology of the Ag films 

with tAg = 20 nm most likely produces many more hotspots due to the small junctions between 

the closely packed Ag islands (Figure 4.2.1d).  Thus, the SiO2 stretched patchy particle film 

with an Ag layer thickness tAg = 20 nm is the best candidate for the SERS and chiral sensing 

experiment due to the large SERS and optical activity.   

  

4.3 Tryptophan Sensing 

The analysis of the different structures above was done in order to determine an optimal structure 

that could be used for both SERS measurements and chiral sensing.  The benefit of combining 

both techniques is that SERS can be used to identify a particular type of molecule due to 

characteristic molecular vibrations specific to its chemical makeup.  That is, each molecule has a 

unique SERS spectrum that can serve as a fingerprint.  However, biomolecules are generally 

chiral, and the different handed enantiomers have the same chemical composition and bonding, 

which means that SERS measurements cannot distinguish between them because they will have 
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Figure 4.2.4. (a) BPE SERS spectra from 90-60-30 SiO2 + 20 nm Ag structures with different 
SACM diameters. (b)   BPE SERS spectra from 90-60-30 SiO2 + Ag structures on d = 350 nm 

with different tAg. 
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identical spectra.  As discussed above, knowledge of molecular chirality can be extremely 

important because different handed molecules can have vastly different effects on the human 

body.  Thus, there is a clear advantage to a sensor that can detect not only the chemical 

composition of an adsorbed molecule through SERS, but also can be used to detect the chirality 

of the molecule. 

 The molecule chosen for this initial study is tryptophan (Trp), which is an essential amino 

acid in the human diet.  Trp has two different enantiomers L-Trp and D-Trp, and only the L-Trp 

enantiomer is used in the body.  Notably, Trp is also one of the molecules that demonstrated 

coupling with the superchiral field of a chiral metamaterial, as demonstrated by Hendry et al. in 

the first report of superchiral sensing.[23]  For the chiral sensing experiment, two different 

enantiomeric film structures were used, a 90-60-30 stretched SiO2 patchy particle with a 20 nm 

Ag thin film layer and a 90-30-60 stretched SiO2 patchy particle with a 20 nm Ag thin film layer, 

both on 350 nm SACM substrates.  Freshly deposited films were placed in cuvettes, allowed to 

soak in deionized (DI) water for 30 minutes, and then the films were dried in a stream of N2, 

while remaining in the cuvette.  Transmission ellipsometry measurements were then performed 

through a pinhole mask that allowed for nine different sites on the film to be measured 

individually.  Throughout the whole process the films remain in the cuvettes, affixed to the sides 

with double-sided tape.  After ellipsometry measurement, the films were incubated in the dark at 

room temperature in a 1 mg/mL aqueous solution of either L-Trp or D-trp for an hour.  After 

incubation, the films were again dried in a stream of N2, taking care not to disturb the placement 

of the film inside of the cuvette.  Transmission ellipsometry measurements were again performed 

through a pinhole mask, which allowed for the same nine sites to be measured again.   
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The obtained spectra were then processed to compare changes before and after Trp 

incubation.  The CD spectra were extracted from the generalized ellipsometry spectra according 

to the process outlined in Section 2.2.6.  Generally, a change in peak positions and intensities is 

apparent in the CD spectra after Trp incubation, similar to what is seen in the work by Hendry et  

al.  We use Fourier analysis to quantify these changes.  In particular, the FFT of the CD spectra 

are taken, where the phase is unwrapped.  The magnitude of the FFT phase before incubation is 

subtracted from magnitude of the FFT phase after Trp incubation (Δφ = |φTrp| − |φbare|).  Figure 

4.3.1 shows the Δφ spectra for D- and L-Trp for the 90-60-30 and the 90-30-60 films, along with 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.1. Δφ spectra for D- and L-Trp for the (a) 90-60-30 and the (b) 90-30-60 films.  
The chiral biomolecules induce a shift in the spectra where the magnitude and direction of 

that shift depends on the handedness of both the biomolecule.  (c) and (d) Raw CD signals for 
the 90-30-60 film before and after incubation with L-Trp and D-Trp, respectively. 

 

0.00 0.01 0.02 0.03 0.04 0.05
-8000

-6000

-4000

-2000

0

2000

4000

p = 0.05

90-60-30 SiO2 Fan
+20 nm Ag

 D-tryptophan
 L-tryptophan

Δϕ
 (d

eg
.)

Wavenumber (1/nm)

0.0

0.1

0.2

0.3

0.4

 p-value

0.00 0.01 0.02 0.03 0.04 0.05
-8000

-6000

-4000

-2000

0

2000

4000

6000
 D-tryptophan
 L-tryptophan

Wavenumber (1/nm)

Δϕ
 (d

eg
.)

p = 0.05

90-30-60 SiO2 Fan
+20 nm Ag

0.00

0.05

0.10

0.15

0.20

0.25

 p-value

400 500 600 700 800 900 1000
-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

 Bare
 L-Trp

 

 

C
D

Wavelength (nm)
400 500 600 700 800 900 1000

-0.12

-0.08

-0.04

0.00

0.04

0.08

 

 

C
D

Wavelength (nm)

 Bare
 D-Trp

(a) (b) 

(c) (d) 



 105 

the raw CD signals for the 90-30-60 films.  Similar to what is seen by Hendry et al., the chiral 

biomolecules induce a shift in the CD spectra where the magnitude and direction of that shift 

depends  on the handedness  of both the biomolecule (i.e.,  D- or L-) and the plasmonic  structure  
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Figure 4.3.2. (a) – (f) SERS spectra and peak attributions for D- and L-Trp on both the 90-
60-30 and 90-30-60 films over wavenumber regions 300 – 500 cm-1, 500 – 720 cm-1, 720 – 

900 cm-1, 900 – 1100 cm-1, 1100 – 1400 cm-1,1450 – 1650 cm-1, respectively.  The symbols for 
vibrations and rings: ν, stretching; β, bending (further categorized into α, scissoring; γ, 
rocking; ω, wagging; δ, twisting); θ, ring breathing; def., deformation; s, symmetric; as, 
asymmetric; R, benzene ring; r, pyrrole ring.  Attributions and symbols from Ref. [154]   
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(i.e., 90-60-30 or 90-30-60).  Specifically, the D- enantiomer induces a negative Δφ in the 90-60-

30 structures, but induces a positive Δφ in the 90-30-60 structures.  On the other hand, the L- 

enantiomer induces a positive Δφ in the 90-60-30 structures, but induces a negative Δφ in the 90-

30-60 structures.  These responses are opposite of each other.  It is also interesting to note that 

the D-Trp molecule induces a larger magnitude shift in general.  The amount of experimental 

uncertainty in this initial study is not insignificant, as seen in the error bars.  However, these 

results are promising, and for one structure, 90-60-30, the differences in values for Δφ for the 

different handed molecules are statistically significant, having p-values less than 0.05.   

Finally, after ellipsometry measurements, the films are loaded onto the Raman 

microscope for SERS measurements.  The incident laser light is unpolarized and has a 

wavelength of  λ = 785 nm laser.  Forty different measurements are taken at 30 mW of power 

using a 10 second integration time, and then these are averaged together.  As shown in Figure 

4.3.2, the SERS spectra contain many different intense peaks, and many match the wavelengths 

of  known Trp peaks.[154]   However,  the  SERS spectra in general  also match the  background  

 

 

 

 

 

 

 

 

Figure 4.3.3. SERS spectra for D- and L-Trp and for the background using a 90-30-60 film.   
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spectrum (Figure 4.3.3), and therefore, they cannot be used to identify Trp.  Thus, further 

investigations are necessary to reduce these contamination peaks enough so that the apparent 

weak Raman scattering of Trp molecules can be observed.   

 

4.4 Conclusion 

This chapter investigated DSG-fabricated chiral plasmonic thin films for chiral sensing 

applications.  The SiO2 stretched patchy particle + Ag thin film structure was optimized for both 

SERS and CD sensing.  Importantly, the SiO2 stretched patchy particle + Ag thin films showed 

sensitivity to the chiral structure of adsorbed molecules.  Different handed molecules induced 

opposite changes in the CD response.  While work remains to be done to improve the signal to 

noise ratio in the CD measurements and to remove background/contamination peaks in the SERS 

measurements, these initial results are very promising, and demonstrate the feasibility of using 

DSG to fabricate chiral plasmonic thin films for real world applications.   
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE WORK 

 

Although simple to implement, DSG is a powerful tool that promises to further our 

understanding of the relationship between structural chirality and optical chirality, as well as 

underlie the construction of devices for real world applications.  Accordingly, this dissertation 

demonstrates several new DSG strategies for the production chiral plasmonic films, including 

continuous plasmonic helices composed of metal composites, metal/dielectric composite helices, 

and various chiral coatings based on nanosphere monolayers.  This list of structures is certainly 

not exhaustive, and it is clear from this sampling that DSG techniques offer significant freedom 

in the choice of materials, composition, morphology, and templates, giving access to a huge 

parameter space to create 3D chiral structures with specific properties, even when feature sizes 

must be small enough to exhibit visible optical activity.  Notably, the dynamic azimuthal motion 

of the substrate with respect to the vapor source is the critical feature in the generation of 

chirality from a symmetric environment for all cases outlined above.  For example, substrate 

rotation is crucial for breaking the racemic symmetry of polycrystalline arrays of SACMs to 

form chiral patchy films with optical activity.  The ability to use these readily available 

templates, or none at all, is a distinct advantage of DSG.  However, high quality templates will 

also produce high quality structures and films, and the use of scalable high quality templates, 

such as those fabricated using roll-to-roll or nanoimprint techniques,[155-157] in combination 
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with DSG needs further investigation.  Additional improvements can also be made in the quality 

of the obtained films by using advanced deposition techniques, such as ion beam-assisted 

deposition or Phi-Sweep method.[158, 159]  Though, in refining DSG methods for the 

production of chiral plasmonic structures, careful consideration must be given to preserving the 

simplicity and scalability of the method.   

Some experimental and theoretical methods and models have been adapted in this 

dissertation in order to better study chiral DSG structures.  In particular, an anisotropic parameter 

retrieval method has been applied for experimental analysis, and geometric chirality, FDTD, and 

the point-dipole approximation have been applied for theoretical analyses.  While the simplicity 

of the DSG method is beneficial in many respects, the non-idealities of the obtained structures 

makes theoretical analysis more challenging.   That being said, computer simulations of the 

morphologies of DSG structures using techniques such as Monte Carlo and molecular dynamics 

are well established.  The combination of these methods with well-known computational 

electromagnetic techniques (FDTD, DDA, FEM, etc.) to simulate chiral DSG structures has not 

received much attention, yet such a study would be beneficial and interesting.   

Finally, DSG does have the distinction of being a simple and scalable method, but this 

advantage is inconsequential if real world applications of the fabricated films are non-existent.  

Thus, the application of chiral DSG films needs further investigation.  The chiral sensing 

properties of DSG films have been introduced in this dissertation.  The initial results presented 

here are promising, but much more work needs to be done to improve experimental uncertainty.  

Other applications of chiral plasmonic films, such as perfect lenses, cloaking devices, or non-

linear materials could also prove exciting.   
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APPENDIX A 

 

JONES AND MUELLER DESCRIPTIONS OF LIGHT PROPAGATION 

 

A uniform plane wave is a particular solution of Maxwell’s equations in a homogeneous region 

of the space.[160]  The polarization state of such a plane wave traveling along the z axis can be 

described by superimposing two electric fields whose directions are parallel to the x and y 

directions since Maxwell’s equations impose that the electric field should be transverse to the 

direction of propagation.  Thus, the total electric field of the electromagnetic wave traveling 

along the z axis with angular frequency, ω, and wavenumber, κ, is given by the vector sum of 

electric fields Ex and Ey: 

 E(z, t) = Ex(z, t) + Ey(z, t) = (Ex0 exp[iδx] x + Ey0 exp[iδy] y) exp[i(ωt − κz)]              (A.1) 

where Ex0 and Ey0 are the real amplitudes, δx and δy are the intial phases, and x and y are unit 

vectors in the x and y directions, respectively.  Note that this dissertation will follow the 

convention that, when considering polarization, only the electric field vector is described since 

the magnetic field is perpendicular and proportional to the electric field, as described by 

Maxwell’s equations.  Eq. A.1 can be written in column vector form, known as a Jones vector: 

 E(z, t) = exp[i(wt− 𝜅z)]
Ex
Ey , (A.2) 

where  Ex = Ex0 exp[iδx] and Ey = Ey0 exp[iδy].  In most optical measurements and analyses, only 

relative changes in amplitude and phase are taken into account, the intensity is normalized, and 
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conventionally, the exponential term is neglected.[109]  Thus, linearly polarized waves in the x 

and y directions are generally described by the following Jones vectors, respectively:  

 Ex = 10 , (A.3) 

 Ey = 01 . (A.4) 

While linearly polarized light oriented at 45° from the x direction, can be expressed as: 

 E+45° = 1
2
1
1 . (A.5) 

Finally, the Jones vectors for right and left circular polarizations are given respectively by: 

 ERCP = 1
2
1
i , (A.6) 

 ELCP = 1
2

1
-­‐i . (A.7) 

As mentioned in Section 1.1, both linear and circular polarizations are equally valid bases for the 

description of the polarization state of an electromagnetic wave.  The coordinate transformation 

from polar coordinates (circular) to Cartesian coordinates (linear) is given by  

 T = 1
2
1 1
−i i . (A.8) 

That is, a Jones vector of a polarization state given in the circular base can be converted to the 

linear basis by multiplying on the left by T, and, similarly, the conversion from the linear basis to 

circular basis is achieved through multiplication by T-1. 

 The Jones matrix representation is a mathematical description of the variations in an 

initial polarization state after interacting with an optical system.  Specifically, an optical system 

can be described by a series of 2×2 Jones matrices that act on an initial polarization state through 

matrix multiplication to give a Jones vector of the final polarization state. The Jones 
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representation provides a complete mathematical description of any optical system as long as the 

light is initially fully polarized and the system is non-depolarizing.   

 Since Jones vectors cannot account for unpolarized or partially polarized light, a different 

calculus must be used for depolarizing optical systems.  In this case, Stokes parameters are used 

to create a Stokes vector.  Using light intensity, I, the Stokes parameters are given by 

 S0 = Ix + Iy (A.9) 

 S1 = Ix − Iy (A.10) 

 S2 = I+45° − I-45° (A.11) 

 S3 = IRCP – ILCP. (A.12) 

S0 describes the total light intensity, S1 and S2 are related to the light intensity of linear 

polarization, and S3 is related to the intensity of circular polarization.  These parameters can be 

arranged into a vector, 

 S = 

S0
S1
S2
S3

, (A.13) 

and this Stokes vector can be used to describe any polarization state.  For any vector S the 

following relation must hold: 

 S0
2 ≥ S1

2 + S2
2 + S3

2. (A.14) 

Here, the equality holds only for fully polarized light, and for partially polarized light the 

inequality holds.  For partially polarized light, the degree of polarization is given by  

 p = (S1
2 + S2

2 + S3
2)1/2 ⁄ S0. (A.15) 

Similar to the Jones matrix representation, the variation in an initial state of polarization given by 

a Stokes vector upon interaction with an optical system can be described mathematically by 
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matrix multiplication.  In this case, optical elements are described using 4×4 matrices known as 

Mueller matrices. 

While the Mueller matrix representation can account for depolarization, which is not 

included in a Jones description, it does not carry any phase information, as the Jones description 

does, since the Stokes parameters are derived from intensity values.  Additionally, it is important 

to note that any Jones vector or matrix has a corresponding Stokes vector and Mueller matrix. 

However, it is not necessarily true that any Stokes vector or Mueller matrix can be described in 

the Jones calculus.[161]  A Mueller matrix that is derived from (and can be converted to) a Jones 

matrix is often referred to as a Mueller-Jones matrix. 
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