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ABSTRACT

CIRCULAR DICHROISM IN SEMICONDUCTING-PLASMOMIC CHIRAL
NANOSTRUCTURES

SUMANT SARKAR

Chiral metamaterials have become an active area of research due to the rich possibilities
of discovering new fundamental light-matter interactions as well as a multitude of potential
applications, including greatly enhanced molecular sensing among many others. The ability
to improve, control and fine tune the chiro-optical activity is critical to expanding these
areas of cutting-edge research. However, the ability to control and “tune” the chiro-optical
activity remains a serious practical challenge. In this dissertation, four different meth-
ods for achieving such control are developed and described in detail. By choosing a large
bandgap semiconducting material (TiO,) for a periodic array of chiral nanostructures, “gi-
ant” chiro-optical activity was achieved at ultraviolet wavelengths for the first time. This
is important because the signature frequencies of biomolecules often lie in this region. By
only slightly varying the morphology of the semiconducting chiral nanostructures, a high
level of tunability over the chiro-optical activity was established. Most impactful, a broad-
band and tunable CD across UV and visible wavelengths was achieved with heterogeneous
nanohelices made from a combination of semiconducting and plasmonic materials. Crit-
ically, the optical activity of these hybrid nanostructures was found not to be a simple
algebraic sum of the CD of the underlying materials, but a strong synergistic enhancement
arising from the hybrid nature of the metamaterial was instead observed. We ascribe this
effect to the strongly modified electronic band structure induced by the interface between
the disparate materials. The highly enhanced optical activity, i.e., CD, opens the door to

targeted engineering of chiral metamaterials for a multitude of novel applications.
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a. SEM and schematics of Au nanohelices (scale bar 100 nm). b. Frame-
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Electron microscopy and schematic drawing of calcined chiral crystalline
TiO,. (a) SEM image that shows the right-handed helical microscopic fea-
tures of the sample. (b) The HRTEM image and the corresponding Fourier
diffractograms of two nanocrystals. (c¢) Structural model showing the he-
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(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
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result of the helical structure of the film. Figures reprinted with permission
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Schematic of block copolymer micelle lithography (BCML) combined with
an oblique angle deposition process to produce colloidal nanohelices. Details
in the reference. Figures reprinted with permission from [27]. . . .. . ..
Cross-section SEM image of Ag-Cu 50 : 50 alloy nanohelices grown using
BCML seeded shadow growth (view of the wafer edge). Scale bar = 100 nm.
Figures reprinted with permission from [27]. . . . . . . .. ... ... ...
(A) Schematics of the fabrication of a chiral hollow nanovolcano array (HNVA)
film and chiral hollow nanoshells (HNSs). (B) Schematics of main parame-
ters during the deposition processes. (C) Illustration of L-HNVA and L-HNS
with their mirror images. (D) Drawing of the HNVA and HNS with the ge-
ometry parameters, height (h), diameters (d;/d;), period (p) of the HNVA,
and diameter (d) of the HNS. Figures reprinted with permission from [28].
Schematic illustration of fabricating chiral plasmonic films with gold nanohe-
lices in polymer matrix (PS/Au nanohybrids). a) PS-PLLA film after drop
casting followed by solvent annealing; b) PS template with helical nanochan-
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2.21 (A) Schematic of the fabrication method, where conventional GLAD is used
to fabricate the dielectric 3D template in the first step, followed by an evap-
oration of metallic islands in the second step. (B) SEM images of the nano-
structured surfaces without (top) and with (bottom) the Ag metallic islands.
(C) Digital photographs of the samples under white light illumination. The
thickness of the Ag metal layer is shown. (D) Chiral anisotropy factor AA/A
vs. wavelength for various thicknesses of the Ag metal layer for both Left
(L) and Right (R) handed samples. Gradual shifts of the peak wavelengths
have been marked. Figures reprinted with permission from [30]. . . . . .. 39
2.22 Schematic procedure for fabricating the five different samples (TONT, TONT-AI, O3,
TONT-Au, TONT-Au-Al,O3, and TONT-Al,O3-Au). PD and ALD are
short for photoreduction deposition and atom layer deposition. Figures
reprinted with permission from [31]. . . . . ... ... 39
2.23 SEM images of samples. (al, bl) Top and (a2, b2) cross-sec- tional SEM
images of (al, a2) TONT and (b1, b2) TONT-Au electrodes. The scale bars
represent 100 nm. Figures reprinted with permission from [31]. . . . . .. 40
2.24 Chiral Au SRRs on TiO; fabricated by hole-mask colloidal lithography. (a)
Schematics of the HCL method used. Polystyrene (PS) beads are self-
assembled on a resistTiO,/ITO glass substrate. Au deposition followed by
tape stripping and oxygen plasma etching results in a hole mask with a
large undercut. Chiral SRRs are formed through a second Au deposition at
an appropriate tilt angle while the substrate is rotating. (b) AFM image
demonstrating the 3D chiral character of the SRRs. (c,d) SEM images of
SRRs of opposite handedness. The right (left) parts of the images show the
samples before (after) the annealing step used to create an efficient Au -

TiO, Schottky barrier. Figures reprinted with permission from [32]. . .. 40
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Far-field circular dichroism of chiral split-ring resonators. (a) Ensemble-
averaged extinction spectra of RH and LH chiral SRRs on TiO, in water
for RCP and LCP illumination. (b) Difference in extinction between LCP
and RCP light for RH (red) and LH (blue) SRRs. (c) Extinction difference
in terms of circular dichroism (CD) angle for RH and LH SRRs. Figures
reprinted with permission from [32]. . . . . .. ... .o L.
Fabrication of the core shell helical films. (a) Schematic of the fabrication
techniques involved. In the first step, conventional GLAD is used to fabricate
the dielectric SiO; helix core followed by PECVD deposition of a-Si or a-Ge
shell. PECVD results in conformal coating around the SiO, helical scaffold
resulting in the formation of helical core-shell system. (b) SEM images of
Si0O; helices before and after PECVD 100 nm a-Si process (c¢) EDS scanning
spectra for a SiO, a-Ge core shell system for a shell thickness of 25 nm. The
spectra were collected after the substrate containing the core shell structures
were sonicated in DI water, and subsequently, the individual helices were laid
on a Si wafer. Figures reprinted with permission from [33]. . . .. .. ..
a) Experimentally measured and b) theoretically computed spectral evolu-
tion of the Kuhn’s dissymmetry factor for different silver subsegments per
helix turn in the case of two turn RH hybrid plasmonic Si—Ag helical metama-
terials. ¢) 3D color density distribution of the electric field enhancement for
an isolated hybrid Si—Ag helix composed of three Ag subsegments per turn
monitored at the photon energy indicated by the red star in (b). The green
highlighted area shown as inset in (c) clearly demonstrates the plasmonic
field enhancement along the metal-dielectric interfaces. Figures reprinted

with permission from [34]. . . . . ... ..o Lo
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2.28

2.29

Gas sensing performance of the TiO, nanohelix and the thin film sensors
toward hydrogen gas molecules. (a) Gas responses (Ro=Rg) of the sensors
under successive hydrogen pulses with increasing concentrations from 5 ppm
to 90 ppm. Inset shows the magnified response of thin film gas sensor. (b)
Gas responses as a function of gas concentration of the nanohelix array and
the thin film devices. The detection limits of both devices were estimated
from the extrapolation of linear dotted lines. (c¢) Response time of the sensors
as a function of hydrogen concentration. Figures reprinted with permission
from [35]. . ..
Au@Ag NR dimers with different Ag shell thickness by adding various con-
centrations of AgNOj in the range of 0 to 10 mM. (A,B,C,D) Representative
TEM images of adding 0, 0.6, 2.5 and 10 mM AgNOg, respectively. (E)
UV-vis spectra. (F) CD spectra. Figures reprinted with permission from
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2.30 Sensing in absorbing media and Sensing of specific binding events. CD
spectra (left panels) and extinction spectra (right panels) of the colloidal
Ago:97T Ig:03 : L3 nanohelices in the presence of complex absorbing environ-
ments (top: no filter, middle: a blue filter, bottom: yellow filter), (b) their
corresponding wavelength shifts, relative to water, of the two spectral fea-
tures ( m and ) as functions of the n (error bar: s.d.). (c¢) Schematic view
of biotin—avidin interaction on the surface of a Ag-Ti nanohelix. (d) In situ
measurements of the biotin-avidin interaction by monitoring the change of
CD at the initial o, (upper plot) and the wavelength shift of A ¢, (lower
plot) with 1 min intervals. The coloured plots indicate the response of spe-
cific binding of biotin—avidin (Ago.e7T ig:03 : L1 blue, green; Ado.goT ig:11 : L1
red, yellow) and the grey plots indicate non-specific binding of avidin with
Ag-Ti nanohelices (without biotin) in the control group. (e) Close-up view
of the CD spectra for the two biotinylated nanoparticle systems showing
the wavelength shift and CD amplitude increase after avidin introduction.

Figures reprinted with permission from [37]. . . . . . . ... ... ... ..

3.1 TOC GRAPHIC . . . . . . . e
3.2 (a) A schematic representation of a two-turn, right-handed helix with labels
defining the critical dimensions: R, r, L, and p being the major radius,
minor radius, length and pitch, respectively. (b) An example CD spectrum
for a TiO, nanohelix metamaterial showing strong chiro-optical activity in
the UV. Inset: a TEM image of a single TiO, nanohelix, previously removed

from the surface and redeposited onto a TEM grid. . . . . ... ... ...
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3.3

3.4

Simulations illustrating the effect of changing the critical dimensions upon
circular dichroism for TiO, nanohelix metamaterials at UV wavelengths. In
each of the plots, one dimension is altered independently, while the other
three are held constant: the effect of changing I, r, p, and R are shown in
(a), (b), (c), and (d), respectively. The vertical dashed thin lines connect
the trough (maximal intensity of CD, JCDmaxj) to the horizontal wavelength
axis. The insets in each plot are schematics of the nanohelices that are
rendered from the finite element simulations, giving a sense of the geometry
of a single chiral element belonging to the metamaterial. The arrows next
t0 JCDmax] show the general trend of the maximal CD signal observed when
increasing each dimension, and ¢ shows the location of JCDmaxj. Note that
the arrows at the bottom of (b) and (d) show the blue-shift and red-shift of

0, respectively. . . . . . Lo
(a) Schematic representation of the chiral elements of the ten experimental
UV-active, chiral metamaterials tested in this study, identified by the single
parameter, N. The schematics are idealized, but accurately show that the
pitch, p, and the major radius, R, are coupled. The shades of grey for the
largest six values of N correspond to the same shades for the data in (b-d).
(b) Example simulated vs experimental CD spectra for N = 5:0; 2:5; 1:0. (c)
Measured experimental CD spectra for the TiO, nanohelices for the largest
six values of N. Note that there are data for four smaller values of N in the
plots of (d) & (e); the spectra for these four values of N are omitted from (c)
for clarity of presentation. (d) Maximal strengths of CD for different values
of N: the experimental data is shown as grey and black filled squares while
the simulation data is shown as red filled circles. (e) The wavelength, o, at

which the strongest CD signal is measured for particular values of N. The
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image of TiO, only helices (g) AFM image of TiO; + 3nm Au helices (h)
AFM image of TiO, + 15nm Au helices (i) AFM image of TiO, + 18nm Au

helices . . . . . .

Xx1

63

64

65



4.6

5.1
5.2

5.3

(a) (Inset) A schematic of the process of decorating TiO, nanohelices fabri-
cated using an e-beam deposition system (as described in a previous study|[38])
with Au of different thicknesses using a thermal evaporation system, thereby
creating plasmonic-semiconductor hybrid nanohelices. The plots are CD vs
wavelength for various Au thicknesses grown on SiO; helices (b) The plots
are CD vs wavelength for various Au thicknesses grown on TiO, helices (c)
The plots are g-factor vs wavelength for various Au thicknesses grown on
SiO; helices (d) The plots are g-factor vs wavelength for various Au thick-

nesses grown on TiO, helices . . . . . . . .. .. ... 0oL

TOC GRAPHIC . . . . . ..
CD spectrum of a two turn TiO; helix with an Ag helix stacked on top
with a (a) two turn Ag helix (b) one turn Ag helix, and, (c) half a turn Ag
helix. CD spectrum of TiO, and Ag helices alone are also shown in these
plots. Insets show schematic of the hybrid helix. g-factor of a two turn
TiO; helix with a Ag helix stacked on top with a (d) two turn Ag helix (e)
one turn Ag helix, and, (f) half turn Ag helix. Ratio of (g) CD strength
(h) g-factor of a hybrid TiO, - Ag helix and a helix made with Ag alone,
measured at a wavelength of 550 nm which is close to the surface plasmon
resonance wavelength of Ag. Significantly, the ratio increases as we decrease
the number of turns in the Ag helix stacked above TiO, helix. . . . . . ..
(a) CD spectrum (b) g-factor of a hybrid TiO,-Ag helix compared to a hybrid
TiO,-Ag helix with an SiO, barrier layer. The barrier layer causes a decrease
in CD strength and g-factor in the visible light wavelengths. The inset in
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5.4

6.1

6.2

6.3

7.1

7.2

(a) SEM images of stacked helices made with TiO, and Ag (b) SEM image
of stacked helices made with TiO, and Ag showing the line on which EDX
scan was done to obtain the elemental composition (¢) EDX element map
showing elements Ti (d) EDX element map showing elements Ag (e) EDX
element map showing elements Ti and Ag both (f) EDX line map showing

the relative elemental composition of Ti and Ag along the line shown in (b)

Resistivity of silicon films, as a function of composite film doping level. Fig-
ure reprinted with permission from [39]. . . . ... ... L.
An incoming photon is absorbed, exciting an electron to the conduction
band (making it a free charge carrier) and thus generating an electron-hole
pair. Because this semiconductor device has a p-n junction, where there is
a p-type material next to an n-type material, there is a potential difference.
This electric field then causes electrons to move to the n-type and holes to
the p-type. Figure reprinted with permission from [40]. . . . ... ... ..
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CD vs. wavelength plots for (a) L-camphor (b) R-camphor (c¢) L-camphor in
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decrease (lower slope) in the presence of TiO; chiral metamaterials
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Chapter 1

Introduction

1.1 Symmetry and Chirality

Symmetry in space is defined as a translational or rotational invariance. Symmetry ex-
ists at many levels, from the electron clouds to galaxies, and everything in between (Figure
1.1). Symmetries are important to how the universe works. For example, the symmetry
of a sphere leads to the inverse square law that pertains to the force between two charged
particles.[41] An even more profound implication of symmetry is the Noether’s theorem.[42]
A lack of symmetry in structures also helps us tease out the nature of objects. This brings
us to the topic of chirality. If the mirror image of a figure, irrespective of where the mirror
is placed, cannot be brought to coincide with the figure itself, the figure is considered to be
chiral.[43] Chiral structures do not have any plane of symmetry. The name “chirality” is
derived from the Greek word for hand (“X"i ”). This makes sense since the human hand
lacks a plane of symmetry. This is why gloves meant for the left hand cannot be worn
in the right hand. Since a chiral object cannot be superimposed on its mirror image, it
can, at least in theory, exist in two forms. The two forms are referred to as enantiomorphs.
Chiral molecules that are mirror images of each other are referred to as enantiomers. These

enantiomers tend to have the same electrical and mechanical properties, except where their



Figure 1.1: (a) The AFM image, which measures approximately 20 A across, shows a
polycyclic aromatic hydrocarbon composed of 13 fused benzene rings. Reprinted with
permission from [1] (b) The frond of a fern. Reprinted with permission from [2] (¢) This
captivating natural color view of the planet Saturn was created from images collected
shortly after Cassini began its extended Equinox Mission in July 2008. Reprinted with
permission from [3]

orientation plays a role. They have different chemical properties when they react with
other chiral molecules. They also have different optical properties when they interact with
circularly polarized light. Examples of chiral objects include molecules (especially, pep-
tides, enzymes, and proteins), DNA strands, and screws, and galaxies.(Figures 1.2 and 1.3)

Galaxies are usually chiral in 2D only.

1.2 Chirality at the molecular level

Molecular configuration describes the 3-D arrangement of atoms in a molecule.[45] A
common type of chirality occurs with sp® carbon tetrahedral centers. For chirality to
occur, the center must be asymmetric by having four different substituents attached to
it.[45] The left handed and the right handed enantiomers (Figure 1.4) absorb circularly-
polarized light differently based on whether the handedness of the enantiomer matches
the handedness of the circularly-polarized light. This effect has been used in the study

of protein folding,[46] molecular sensing,[47] and photonics based applications such as po-



Amyloid fibers —\

Human's hands

Figure 1.2: Chirality in nature at the small scale: Sinistral Busycon pulley,[4] dextral
Fusinus salisbury,[4] shells of Amphidromus perversus,[4] DNA,[5] enzyme,[5], CNT,[6] and
amyroid fibers.[7] Reprinted from Nature Publishing Group and Wiley-VCH publisher.
Reprinted with permission from [§]

larization control.[48] Circular dichroism has also helped gain insights on the fundamental

light-matter interactions.[49]

1.3 Chirality with Nanostructures and Metamaterials

While chirality in molecules has long been known to give rise to anisotropic interaction
with left and right circular polarized light (a phenomenon referred to as chiro-optical activ-
ity), this effect is typically small.[50] In order to achieve larger chiro-optical activities, chiral
metamaterials have been synthesized. [51], [52] Such nanostructures (in the 1 to 100 nm
length scale) have shown orders of magnitude higher chiro-optical activity than what is typ-

ically seen in molecules.[38] More details on chiral nanostructures are available in chapter 2.



Figure 1.3: This figure shows a pair of typical galaxies where the left-hand image is an
anticlockwise (S-like), while the right-hand image is a typical clockwise (Z-like) galaxy.
Reprinted from [44]

mirror
plane
H H
Achiral molecule
e v CHg CHy™"p H Mirror images are
CH,CH, CH4CH; superimposable
Mirror
plane
OH OH Chiral molecule
,,,,,, )\ Mirror images are
H CHj CHj H non-superimposable
CH,CH, CH5CH->

Figure 1.4: The origin of the carbon chirality center.
Reprinted with permission from [45]

1.4 Polarization of light

Light can be thought as an electromagnetic wave consisting of an electric field (E) and
a magnetic field (B), both of which are perpendicular to the direction of propagation of

the wave. However, this doesn’t determine the direction of the two fields. They can be in

4



any direction in a plane that is perpendicular to the direction of propagation of the wave.
Common light sources such as sunlight, halogen lighting, and incandescent bulbs do not
have a fixed direction for E and B. There may be differences in frequencies and phases
among the wave planes as well. When the frequency and phase are fixed, it is referred to
as coherent light. When the direction of E and B among all the waves is the same, it is
referred to as polarized light. Note that the direction for E and B need not be fixed across
time. The only requirement is that all the waves have the same direction of E and B. Since
E (and B) is in a plane, it can be thought of as having two components. Without any
loss of generality, we can assume that the wave propagates in the z direction, and Ex and
Ey are the X and y components of E. The electric field E is the linear combination of Ex
and Ey. The two components, Ex and Ey, can have a phase difference and for polarized
light, this difference is constant. When the phase difference is zero, the net E varies along
a straight line with time. This is called linearly polarized light. In general, with a non-zero
phase difference, the tip of the net E vector would trace an elliptical path. When the
difference is 90°, the tip would trace a circular path. This is called circularly polarized
light. Depending on whether Ey is leading or lagging Ey by 90°, it’s either left circularly
polarized light (LCP) or right circularly polarized light (RCP).(Figure 1.5) [9]

1.5 Di erential absorption (CD) of CPL

As mentioned earlier, enantiomers interact differently with circularly polarized light, de-
pending on whether it is LCP or RCP. This can be modeled as a difference in the complex
refractive index. Chiral metamaterial (or a chiral solution) which has the same propor-
tion of both enantiomers is called a racemic mixture. The complex refractive index of

chiral material with unequal proportion of enantiomers is different and can be expressed
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Figure 1.5: (a) Light as an electromagnetic wave consisting of an electrical and a magnetic
fields which are perpendicular to each other and to the direction of propagation. The planar
components of the electrical field have a constant phase difference in polarized light. (b)
The phase difference is 0° in case of linearly polarized light (c) A non-zero phase difference
makes the tip of E traces an elliptical path (d) The tip of E traces a circular path when
the phase difference is 90°. Reprinted with permission from [9]

as N = n+1 Kk, where n is the refractive index and K is the extinction coefficient of the
solution.[53] The n causes the phenomenon of double refraction whereby a ray of light,
when incident upon a material, is split by polarization into two rays taking slightly different
paths. This phenomenon is referred to as Circular Birefringence (Figure 1.6). This can be
K part of A causes a differential

observed in crystalline materials such as calcites. The

absorption of LCP and RCP light. This is what causes circular dichroism.
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Figure 1.6: (a) A calcite crystal laid upon a graph paper with blue lines showing the double
refraction (b) Fluorescence in calcite crystal and birefringence as laser beam splits in two
while traveling from left to right. Reprinted with permission from [10]

1.6 CD spectrometry and applications

Circular dichroism (CD) spectroscopy is a light absorption based spectroscopy method.
It measures the difference in absorbance of right- and left-circularly polarized light. This
phenomenon is shown schematically in Figure 1.7 (a). In this example, LCP light gets
absorbed more than RCP. Figure 1.8 (a) shows a commercial spectrometer from Jasco
Inc. An intense source produces light that is passed through a monochromator and linear
polarizer. It gives out a coherent linearly polarized light. PEM is made from a piezoelectric
material that responds to the AC electrical signal fed to it. It produces LCP in one half
of the AC cycle and RCP in the other half. The sample is exposed to LCP and RCP
alternately. Detector detects the transmitted light for both the halves of the cycle and

converts the signal to CD in millidegrees. (Figure 1.8 (b)) using the following equation:

4500
-~ LC

log, 10 Ii logy e (1.1)
A

where L represents the thickness (in cm) of the absorbing layer, C represents the molar
concentration, S = Ig I, Ia = (IL + Ir)=2, Ig and I represent the intensities of the
right and left circularly polarized beams of light, respectively, after passing through the

substance.
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Figure 1.7: Circular dichroism (CD) spectroscopy. (a) Schematic view of CD spectroscopy.
Left- and right-circularly polar- ised light interacts with a solution containing an isotropic
chiral medium. The absorption difference depends on the handedness of the medium. (b)
Example of CD spectra of chiral molecules as a function of wavelength, here 1% carvone
(red: right-handed and blue: left-handed). Each inset shows the left- and right-handed
carvone structures. Reprinted with permission from [§]

CD spectroscopy has a high signal to noise ratio because any achiral noise gets subtracted
out. One of the common applications of CD spectroscopy is investigating protein secondary
structure (Figures 1.9 and 1.10).[15]

Proteins contain a number of chromophores which can cause a chiro-optical activity.[15]
Protein secondary structural features such as -helices and -sheets can be obtained using
CD in the far UV range (240-180 nm), whereas the tertiary structure of the protein can be
obtained using CD in the near UV region (320-260 nm).[15]

CD has also been used extensively for molecular sensing.[54] This has found many ap-
plications such as biomedical diagnostics and pathogen detection.[55], [56] More on this
topic is available in chapter 6.

UV-Vis spectrometry is a quantitative technique used to measure the amount of light
absorbed by a substance. It is used for identification and quantification of organic com-
pounds as well as studying inorganic materials. UV-Vis can be used in conjunction with
CD spectrometry as a way to normalize the CD data that makes it easy compare across
samples. More on this is in chapter 2.

Another area of advance is in the field of machine learning. It has begun to contribute to

the design of chiral metamaterials. Ma et. al[57] have designed a deep-learning model with
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Figure 1.8: (a) A CD Spectrometer from Jasco Inc. Reproduced with permission from [11]
(b) An intense source produces light that is passed through a monochromator and linear
polarizer. It gives out a coherent linearly polarized light. PEM (Photoelastic modulator)
is a piezoelectric material that is provided AC electrical signal. It produces LCP in one
half of the AC cycle and RCP in the other half. The sample is exposed to LCP and RCP
alternately. Detector detects the transmitted light for both the halves of the cycle and
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converts the signal to CD in millidegrees. Reproduced with permission from [12]

a two level architecture. It retrieves the geometric parameters of the metamaterial needed,
given a specific optical response requirement. This opens a new possibility to avoid (or

at the very least, minimize) experimental and computational work when developing chiro-

optical systems.
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Figure 1.9: The secondary structure conformation and the CD spectra of protein structural
elements. Right is an example of the backbone conformation of a peptide in an -helix
and left is the conformation of a peptide in a -sheet. In the center are the associated CD
spectra for these three different conformations. Reprinted with permission from [13]

1.7 Objectives and Outline

This dissertation is organized in this manner:

Chapter 1 is an Introduction chapter that describes the fundamental ideas and topics rel-
evant to the dissertation. Chapter 2 takes a deep look at the scientific literature in these
areas and then it describes the research questions addressed in this dissertation. It also
explains the motivation and briefly describes the research methods employed. Chapter 3
describes the research on using semiconducting nanohelices for controlled circular dichroism
in the ultra-violet wavelengths. It is based on a published article.[38]

Chapter 4 describes the research on helices made from semiconducting material that
are decorated using a plasmonic material. It is based on a to be published article. Chap-
ter 5 describes the research on stacked helices made from semiconducting material and a
plasmonic material. It is also based on a to be published article. Chapter 6 describes the
research on silicon nanohelices and the effect of doping on them. Chapter 7 describes the
research on TiO, nanohelices used for molecular sensing with H,O,, Glycerol and Cam-
phor. Chapter 8 is the conclusion chapter that summarizes the main research outcomes

and wraps up the dissertation.
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