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ABSTRACT

A sculptured thin film (STF) is produced by physical vapor deposition, whereby a
collimated vapor flux is directed obliquely onto a moving substrate on which the STF is
deposited. The STF comprises parallel and identical nanocolumns of a certain shape
sculptured by substrate motion. Substrate rotation produces chiral STFs whose
nanocolumns are helical. Chiral STFs produced by serial bideposition, which either
actually or effectively involves two vapor fluxes, possess large local linear birefringence
and evince highly intense optical activity, both of which properties are attractive for
optical sensor, filter, and display technologies. Specifically, chiral STFs exhibit the
circular Bragg phenomenon for normally incident light: in a certain spectral regime,
either left- or right-circularly polarized light is preferentially reflected.

Theoretical modeling has shown that if the substrate is rocked, in addition to
rotation, the circular Bragg phenomenon is suppressed, even though the deposited thin
film should still have a chiral morphology. Instead, an ordinary Bragg phenomenon is
exhibited which is insensitive to the polarization state of the incident light. Therefore, an
ordinary Bragg filter can be made with just one material, instead of as a quarter-wave
stack that requires the deposition of two materials.

For this work, ZnSe chiral STFs were fabricated with/without substrate rocking,
and their transmittance spectrums for linear- and circular-polarized incident light were

measured. During fabrication, a collimated vapor flux was directed at a vapor flux angle



v

of either 20° or 25° with respect to the substrate plane, which was rotated at 0.5 rpm in a
low-pressure vacuum chamber at a base pressure of 1.5 x 10 Torr. At the same time, the
substrate was rocked with an amplitude of 5°, 10°, 15°, or 20° depending on the initial
starting value of vapor flux angle. The rocking period and the rotation period were
identical. All chiral STFs produced were 9-periods thick, with the spatial period being
330 nm. With sufficient rocking amplitude, the discrimination between left- and right-
circularly polarized (RCP and LCP) light nearly vanished, whereas similar Bragg
phenomenons for s- and p-polarized light were observed. Thus, chiral STF technology

can be used to produce both ordinary and CP Bragg filters.
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CHAPTER 1

INTRODUCTION

Structurally chiral materials, such as cholesteric liquid crystals [1] and chiral
sculptured thin films, discriminate between left- and right-circularly polarized plane
waves [2]. Provided a structurally chiral material is sufficiently thick and the wavelength
of a normally incident planewave lies in a spectral regime called the circular Bragg
regime, high reflectance is observed if the handedness of the incident plane wave is the
same as the structural handedness of the structurally chiral material, but not otherwise
[3]. This phenomenon is called the circular Bragg phenomenon [4] and is exploited for
designing circular-polarization filters [5]. A similar discrimination between left- and
right- circularly polarized plane waves is found for obliquely incident plane waves too,
but that discrimination disappears for highly oblique incidence. Oblique incidence was
not considered for this thesis.

The objective of the research undertaken for this thesis was to fabricate and
optically characterize a structurally chiral thin film that does not¢ discriminate between
left- and right- circularly polarized plane waves but still exhibits the Bragg phenomenon.
This work follows a theoretical prediction [6] that if a sculptured thin film is grown by
physical vapor deposition while the substrate is being simultaneously rotated and rocked,
then the STF will have a chiral morphology and will exhibit the Bragg phenomenon, but
will not be sensitive to the polarization state of the normally incident plane wave.

This chapter provides a general overview of the fabrication, growth mechanics,

and optical characteristics of sculptured thin films. Furthermore, circular-polarization-



independent mirrors, particularly made of STFs are discussed. An outline of this thesis

concludes the chapter.

1.1 Thin films

Thin films are fabricated by transporting individual atoms and/or molecules onto
a substrate by physical or chemical methods [7]. The basic properties of thin films, such
as their electrical, mechanical, chemical, structural, and optical characteristics, are
different on the micrometer and nanometer length scales than those of bulk materials—
due to morphological effects arising from deposition techniques [8]. Specific thin-film
deposition techniques are devised for specific applications to exploit their
morphologically dependent properties. Among other industries, semiconductor
electronics, mechanical, and optical-coating industries employ a multitude of thin films.

The specific fabrication technique has a large impact on the properties of a thin
film. Physical vapor deposition (PVD) techniques transfer kinetic energy [9] to the atoms
of a source material to overcome their binding energy. These energized atoms are ejected
into a low-pressure environment and are then allowed to condense onto the surface of a
substrate. Many ways exist to transfer kinetic energy—sputtering [10], electron-beam
deposition [11], thermal evaporation [12], and laser-pulse ablation [13], among others.
These PVD techniques have been widely used in industry for over a century.

In chemical vapor deposition (CVD), gases are introduced into the deposition
chamber that will react and form the desired thin film on the surface of a substrate [14].
Either a single gas is used that will decompose when heated to supply the necessary

component or components for the thin film, or several gases are used which will react and



form the thin film. The reaction should take place on the surface of the substrate but can
sometimes occur above it. Above-surface reactions can create particles that form above
the substrate, but these particles can drop onto the surface of the filim causing it to have
pinholes or a low density [15].

Molecular-beam epitaxy (MBE) is a process for growing layers of atom-thick
films. MBE can be used to deposit a wide variety of materials, ranging from
semiconductors to metals to oxides; however, it is most commonly used for
semiconductor deposition. In this process, beams of atoms or molecules in an ultra-high
vacuum environment are incident onto a heated substrate. The arriving atoms form a
crystalline layer on the surface of the substrates; thus, the thin film is epitaxial [16]. A
wide range of structures have been made with MBE for quantum-well devices [17] and
superlattices [18], all with precise control of film composition during growth. However,
there are two main drawbacks to MBE. First, MBE systems are extremely expensive (~
$1IM per system). Second, MBE is very time-consuming in research and even in
industrial settings.

Atomic-layer deposition (ALD) is a vapor-phase, self-limiting, thin-film
deposition technique where a substrate is exposed to two different and alternating
precursors, laying down single-layers of the desired thin-film material onto the surface of
the substrate during each cycle. [19]. ALD allows for conformal deposition of atomic
layers and can reproduce features on the surface of the substrate very accurately [20].
Furthermore, ALD can produce very thin and dense films. However, similar to MBE, it is

a slow and expensive technique.



Decher and co-workers developed the Layer-by-Layer (LbL) technique for the
deposition of ultra-thin films [21]. This simple and versatile technique has been adopted
for fabricating thin films with tailored properties from aqueous solutions (and
suspensions) of molecules, polymers, or nanoparticles. A charged substrate spontaneously
and sequentially adsorbs oppositely charged materials from dilute aqueous solutions.
During the deposition process, the charged substrate is dipped in a solution of either a
cationic or anionic polyelectrolyte for a desired period of time. Adsorption of the
molecules on the exposed surface of the substrate takes place when the concentration of
the charged species is sufficient enough to completely reverse the charge at that surface.
The process is then repeated with a solution of either an anionic or cationic
polyelectrolyte [22].

Spin coating is a physical technique used to form uniform thin films on flat
substrates. Essentially, an excess amount of a solution is placed onto the substrate, which
is then rotated at high angular speeds in order spread the liquid evenly over the substrate.
Once the desired film thickness has been achieved, the rotation is stopped while any
excess fluid is spun off the substrate [23].

I used resistive-heating PVD for all work in this thesis. In this technique, a source
material is heated to release an atomic vapor flux which propagates towards a substrate
on which the film is grown [24]. The source material is placed in a boat or crucible of a
high-melting-temperature material through which an electric current is passed in order to
achieve energy transfer from the boat/crucible to the source material [9]. This is a widely

used technique in industry and research laboratories.



1.2 Sculptured thin films

Sculptured thin films (STFs) are a class of nano-engineered, porous,
unidirectionally nonhomogeneous, and anisotropic thin films that can be fabricated using
PVD techniques such as thermal evaporation [25], electron-beam PVD (EBPVD) [26],
sputtering [27], and pulsed-laser deposition [28]. They have also been fabricated through
chemical techniques such as CVD [29].

In any of these methods, a collimated vapor flux of the material to be deposited is
made. This flux is directed obliquely onto a substrate which can be rocked and/or rotated
about certain axes. Adatomic self-shadowing without substrate rotation gives rise to
columnar morphology of the film growing on the substrate. This film, comprising parallel
and tilted nanocolumns, is called a columnar thin film (CTF). When substrate rotation
and/or rocking also occurs during deposition, the nanocolumns acquire a common shape
and the film is called a sculptured thin film (STF) [30]. Growth methods, morphologies,

and optical properties of STFs are discussed further in this chapter.

1.2.1 CTF deposition methods, growth mechanics, and morphology

Columnar thin films are grown as the direct result of self-shadowing at the length-
scale of arriving adatoms (clusters of atoms of the source material arriving on the surface
of the substrate) [31].

They are typically fabricated in low-pressure environments with low-adatom-
mobility conditions. Self-shadowing can be explained as follows. When the evaporant

material nucleates on the surface of the substrate, the region immediately behind it does



not receive any further adatoms because this location falls in the “shadow” of the
growing nucleus. Therefore, the arriving adatoms will only be deposited onto the
nucleated sites, resulting in the formation of nanocolumns.

It is accepted that the first CTF was made by Kundt in 1886 [32] by using
oblique-angle deposition (OAD). Figure 1.1 shows the schematic of a low-pressure
thermal evaporation system with a boat which contains the source material. A current is
passed through the boat, which heats the source material to launch a collimated vapor
flux. The incoming vapor flux, comprising adatoms with low mobility, adheres to the
surface of the substrate through self-shadowing and forms parallel and tilted

nanocolumns.

Quartz
Crystal
Monitor

Substrate

Vacuum Vapor
Chamber Xv

U

Vacuum Pump

Figure 1.1: Schematic of a traditional PVD system for fabricating columnar thin films
(adapted from [30]). The vapor flux is incident on the substrate at angle y, € (0°, 90°] with

respect to the substrate plane.



Figures 1.2 (A) and (B) show how different oblique angles of incidence y, dictate
CTF morphology. Figure 1.2(C) displays a schematic which relates y, to the tilt angle y of
the growing nanocolumns with respect to the substrate plane. CTFs with lower values of
xv(~5°) result in less dense and more porous films, whereas higher values of y, (~22.5°)
result in highly dense and less porous films [33]. CTFs can have pores on the order of 30-
300 nm [33]. Arriving adatoms form 1-to-3 nm clusters which initially form on the
substrate, as long as the substrate temperature 7 is below a third of the source material’s
melting temperature 7, (i.e., 7/T,, <0.3). These nucleation clusters yield cone-shaped
nanocolumns which acquire the shape of a matchstick within 20-30 nm of growth [30].
Accordingly, in the visible and infrared regimes, a CTF performs optically like a biaxial
crystal [48], just like Kundt had guessed without the benefit of scanning electron

microscopy (SEM).
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Figure 1.2: SEM images of a thermally evaporated CTF of MgF,: (A) y, = 3° and (B) y,
= 22.5° [33]. (C) The vapor flux angle y, is usually smaller than the tilt angle y of the
nanocolumns of the CTF; y > y,. The morphologically significant plane of the CTFs de-

picted in these figures is the xz plane.

Structure zone models (SZMs) [34] were developed in order to classify both the
cross-sectional and top-surface morphologies of evaporated metallic and oxide films.
Figure 1.3 shows the SZM that has been developed over several decades that explain

morphology zones for CTFs and STFs.

In Zone 1, tapered grains define the morphology. Zone 2 exhibits columnar
crystalline grains resulting from higher (7/7,) values which permit the diffusion of
surface adatoms. Zone 3 shows increased grain size and lacks columnar morphology,

making it unuseful for STF technology. Messier et al. [35] further explained the evolution



of morphology as a function of film thickness, thereby connecting the atomic-level
understanding of self-shadowing and the SZM. They presented a cluster-based model to
explain the regime between Zone 1 and Zone 2 [35]. In between Zones 1 and 2 lie Zones
T and M. In Zone T, consisting of densely packed fiberous grains, the morphology does
not offer long-range structures beyond the nanometer length-scale and is directly related
to argon pressures. In Zone M, dome-shaped matchstick morphology is present. This is

the most attractive zone for growing STFs.

Transition morphology:

no long-range structure Cob -~

beyond the nanometer S =

length-scale

Recrystaliioed crystaline

Matchstick morphology: C grain struciure
paraliel columns with X )
domed 1001
(rdeci for STF 1)

Figure 1.3: The currently accepted version of the SZM for CTFs [36]. Argon pressure in
mTorr and the ratio 7/7,, of the substrate temperature 7" and the melting point 7}, of the

source material are the independent variables of deposition that govern morphology [35].
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1.2.2 STF deposition methods, growth mechanics, and morphology

STFs are modifications of CTFs in which the nanocolumnar growth direction can
be changed at will during growth. The term STF was first coined in 1997 by Lakhtakia
and Messier [30], even though a few earlier examples did exist.

Most importantly, in 1959, Young and Kowal illustrated that periodic STFs with
chiral (i.e. handed) morphology exhibits a signature of the circular Bragg phenomenon
[36]. These scientists deliberately rotated the substrate about the z axis (which passes
normally through the center of the substrate) at a uniform rate during deposition, in order
to fabricate calcium-fluoride films comprising chiral and parallel nanocolumns
perpendicular to the substrate plane. These films are appropriately called chiral STFs
because they possess structural handedness. Young and Kowal believed that “the activity
of a helically deposited film could be due to the co-operative action of a helically
symmetrical arrangement of crystallites, growth, or voids” [36]. However, the dielectric
polarization properties can only be explained by a rotating anisotropic permittivity dyadic
emerging from the helical morphology [37], but that was not confirmed until 1995 when
Robbie et al. [38] examined SEM images of newly grown chiral STFs. Figure 1.4 shows

an example of a chiral STF made by evaporating silicon dioxide [39].
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Figure 1.4: SEM image of an STF made by evaporating silicon dioxide displaying a chi-

ral morphology [39].

By this time it was evident that a wide variety of nanocolumnar morphologies
were possible through the control of two axes of substrate rotation. Along with the
potential to evaporate a wide variety of materials, a wide variety of nanocolumnar
morphologies should lead to numerous applications [40]. The modulation of these two
fundamental axes leads to two canonical classes of STFs termed:

) sculptured nematic thin films (SNTFs) [31] and

(ii) thin-film helicoidal bianisotropic mediums (TFHBMs) [30, 38].

SNTFs are fabricated by rocking about an axis that is tangential to the substrate
plane. By controlling the rocking of the substrate about this axis, several different
morphologies can be realized. These can include zig-zags, C-, and S- shapes [41].
TFHBMs are fabricated when the incoming vapor flux is obliquely directed onto a

substrate normal to the vapor flux and the substrate is rotated, thereby yielding chiral
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morphology. Periodic TFHBMs are called chiral STFs. Figure 1.5 shows examples of

several STF morphologies.

Figure 1.5: Examples of STFs: (A) a chiral STF, (B) and (C) sculptured nematic thin

films, and (D) a hybrid STF [41].

Another method by which chiral STFs are fabricated is the serial bideposition
(SBD) technique. This technique increases the local linear birefringence [42]. Sequential
subdeposits are made either from two oppositely oriented sources or from a real source
and one simulated by a 180° rotation of the substrate [43]. Once two subdeposits have
been made, the substrate is incrementally rotated by a small angle A&, and two new sub-
deposits are made, and so on. The incremental angle AE can be about 3° to 18° [43, 44],

depending on the application.
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When the collimated vapor flux is arriving obliquely onto the substrate from two
opposite directions, anisotropic self-shadowing still exists. The average mass density of
the film is higher than of STFs fabricated with just one vapor flux, since the second
source deposits in the shadowed regions of the first deposit.

1.3 Optics of Chiral STFs

A chiral STF comprises helical nanocolumns with a pitch 2Q, where Q is the
structural half-period. When light is normally incident on a chiral STF it exhibits the
circular Bragg phenomenon over a range of wavelengths typically between 50 and 100
nm (called the circular Bragg regime). Within this regime, incident circularly polarized
light of handedness matching the structural handedness of the film is highly reflected,
while incident circularly polarized light of the opposite handedness is highly transmitted,
provided the chiral STF is sufficiently thick [30].

Let a chiral STF occupy the region between planes z = -L and z = L. The relative

permittivity dyadic of the chiral STF can be written as

ChiralSTF, & Z & 0 2 ol 2
£, Mz0)=5 (e ez, (@ o5 (DS (h D), (1.1)
where w is the angular frequency,
e (@)=¢,(@uu, +&,(@uu, +& (@uu, (1.2)

is the reference relative permittivity dyadic, and ¢, are reference relative permittivity
scalars which are w-dependent. The rotation dyadic that describes the rise of the helical

nanocolumns with respect to the substrate plane is written as
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[T

] (;() =uu + (uxux +uu, )cos(;()+ (uzux —uu, )sm(;() (1.3)

The other dyadic i Z[h, éj in Eq. (1.1) describes the rotation about the z axis and is

written as

[ITn>

. (h, éj =uu, + (uxux +uu, )cos[héj + (uyuX —uu, )sin[héj , (1.4)

where the structural handedness parameter 4 can equal +1 or -1, respectively, to indicate
either a right-handed or a left-handed chiral STF. In Eqgs (1.2) (1.4), uy, uy, and u, are
Cartesian unit vectors.

If the reference relative permittivity scalars of the chiral STF do not depend
strongly on the angular frequency w of the incident plane wave and the chiral STF is
composed of materials with negligible losses, the central free-space wavelength of the

circular Bragg regime is estimated as
=0l fe. +4z, ). (1.5)

where
£,=¢,8, /(ga cos’ y +¢&,sin’ Z)uz (1.6)

is a composite relative permittivity scalar [30]. The full-wave-at-half-maximum

bandwidth of the circular Bragg regime is estimated as

Ay =, + e, (1.7)

Therefore, it is clear from Egs. (1.5) and (1.6) that the central wavelength of the
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circular Bragg regime 4,” is dependent on the helical pitch and the chosen material.
However, the location of the central Bragg wavelength is also governed by the vapor flux
angle y, which governs y, &, and ¢;. Thus, Eq. (1.5) shows that the central Bragg
wavelength 1,” can be chosen over a wide range of wavelengths, to accommodate
specific applications, by a proper choice of the deposition parameters and the material to

be evaporated.

1.4  Circular-polarization-independent Mirrors

There are two types of chiral STFs in which the discrimination between right-
circular-polarized (RCP) light and left-circular-polarized (LCP) light is negligible. They
are

(1) films which exhibit a psuedoisotropic point [45] and

(i1) films where the vapor flux angle y, varies during deposition [6].

1.4.1 Psuedoisotropic point in chiral STFs

For CTFs, the anisotropy arising from OAD implies that ¢, . are dependent on y,.
Hodgkinson et al. developed parametric relationships [46] to relate the relative
permittivity scalars &, and y to deposition parameters.

These relationships are not universal and will vary from system to system, and
even possibly over a period of time on a specific system. It is expected that similar
relationships are applicable to chiral STFs since y, is held constant during deposition like
a CTF. Lakhtakia predicted that a specific value of y, exists so that ¢. = ¢; [45]. This

value of , is called the psuedoisotropic point y,”” where linear birefringence vanishes for
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normally incident plane waves, and the chiral STF responds like an isotropic material to a
normally incident plane wave of arbitrary polarization state. Therefore, the circular Bragg
phenomenon can not exist [45] and an optical engineer will not be able to distinguish
between RCP and LCP light.

1.4.2 Continuously modulated y, in chiral STFs

In the second case, theory [6] has shown that a chiral STF will exhibit the same
reflectances and transmittances whether the normally incident plane wave is RCP or LCP,
provided the vapor flux angle y, had been suitably varied during the fabrication of that
chiral STF. Specifically, suppose that y, is sinusoidally modulated with a period equal to
the helical pitch. With low rocking amplitudes, the circular Bragg phenomenon will still
be exhibited. But, it is replaced with a Bragg phenomenon similar to that exhibited by a
quarter-wave stack when the rocking amplitude is sufficiently large [6]. Polo and Lakh-

takia described the sinusoidal modulation of y, as [6]
~ . V4
x,(2)=yx, +0,sm(2N_, 5) , (1.8)

where %, is the average value of y,, J, is the rocking amplitude, and Ny, is the number

of oscillations over a structural half-period of the STF. The quantity N, can be either an
integer or a half integer.

Tilt-modulated chiral STFs should have two advantages over the quarter-wave
stack for application as Bragg reflectors. First, a conventional quarter-wave stack is a
multi-layer thin film which requires the alternating deposition of two different source

materials in order to create the permittivity contrast between adjacent layers; however,
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tilt-modulated chiral STFs only need one material [6]. This will save deposition time and
reduce the cost of fabrication. Second, the range of wavelengths over which the quarter-
wave stack acts as a reflector is governed by the difference in the relative permittivity
scalars of its two constituent materials. Changing the layer thickness and/or selection of
materials is required to engineer the bandwidth of the reflection/transmittance regime of
the film [6]. For a tilt-modulated chiral STF, the bandwidth can be engineered simply by
changing y,. Therefore it is of interest to fabricate these tilt-modulated chiral STFs to

replace conventional quarter-wave stacks.

1.5 Motivation for This Thesis

Although the characteristics of tilt-modulated chiral STFs have been theoretically
predicted, no research efforts have been made to experimentally prove those predictions.
Therefore, the objectives of this research endeavor were to (i) fabricate tilt-modulated
chiral STFs by resistive-heating PVD, (ii1) optically characterize the suppression of the
circular Bragg phenomenon when a maximum rocking amplitude is reached, and (iii)
verify the structural chirality of the film is maintained, even though the substrate is

rocked during fabrication.

1.6 Outline of This Thesis

To achieve objective (1), zinc selenide was chosen as the dielectric material to be
evaporated. The logic for choosing this material is based on its bulk properties that are
presented in Chapter 2. A brief discussion on other areas of optics and electronics where

ZnSe is used is also included. Chapter 3 provides a description of the fabrication of chiral
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STFs with synchronous substrate rocking, starting with substrate preparation, methods for
programming substrate-rotating motors, the thin-film deposition process, and the optical
experiment used to verify the accomplishment of objective (ii).

Chapter 4 provides measured transmittance spectrums of tilt-modulated chiral
STFs. These graphs show the gradual suppression of the circular Bragg phenomenon as
the rocking amplitude increase. Chapter 4 also has SEM images displaying the
morphology of these thin films which qualitatively verify the theoretical results of Polo
and Lakhtakia, and ultimately achieving objective (iii).

A brief summary of all experimental results along with suggestions on future

research concludes the thesis in Chapter 5.
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CHAPTER 2

ZINC SELENIDE

The first step in fabricating tilt-modulated chiral STFs is to select an appropriate
material to be evaporated and eventually deposited. The choice is based on the bulk
properties of materials.

Zinc selenide (ZnSe) is an attractive choice for fabricating tilt-modulated chiral
STFs due to its high refractive index, low sublimation point for fabricating thin films
through thermal-evaporation techniques with ease, optical transparency over a wide range
of wavelengths, and robustness [47]. Therefore, ZnSe was chosen to fabricate all the
STFs used in experimental research reported in this thesis.

In this chapter, relevant physical properties of bulk ZnSe are discussed. A brief

discussion of optical and electrical applications is also included.
2.1 ZnSe Material Properties

ZnSe is a direct-bandgap I1-VI compound semiconductor that is composed of zinc
(Group II) and selenium (Group VI). Structurally, ZnSe has the zincblende structure, that
is, a face-centered cubic (FCC) crystalline structure [49]. At room temperature, the lattice
constant of the unit cell in the FCC crystalline structure is 0.567 nm. The room-
temperature melting point is 1520 °C due to highly covalent bonds, but ZnSe has been
experimentally shown to sublime at approximately 660 °C in a low-pressure environment

(~107 Torr), which makes resistive-heating PVD a suitable technique for evaporating the
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material [50].
The most attractive quality of ZnSe for fabricating tilt-modulated chiral STFs is
its high refractive index which is ~ 2.7 in the visible regime [47]. The refractive index is

predominantly real-valued (since dissipation is negligible) for 4, €[458,2000] nm, which

allows 4,”" to be positioned anywhere in the visible and infrared spectral regimes. The
relationship between the minimum wavelength where light is not absorbed and the

bandgap of the material is

he
A =— 2.1
Z (2.1

where £ is Planck’s constant, E, is the bandgap energy, and c is the free-space speed of
light. As E, for ZnSe is 2.7 €V, Aniy 1s in the blue region of the visible spectrum [50]. The

appendix of this thesis has a list of relevant physical properties of ZnSe.

2.2 Zinc-selenide applications

Since ZnSe has a high refractive index and is a direct-bandgap semiconductor, it
is a promising material for optics and optoelectronics. For example, its direct-bandgap
feature has been exploited to fabricate blue-green laser diodes [51], light-emitting diodes
[52], quantum dots [53], and beam splitters in mid-IR laser sources for remote sensing
[54]. The high refractive index of ZnSe has been taken advantage of to fabricate

dielectric mirrors [55], optically controlled switches [56], and optical waveguides [57].
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CHAPTER 3

EXPERIMENTAL PROCEDURES

Once a material had been chosen for fabricating tilt-modulated chiral STFs, the
resistive-heating PVD technique was employed to evaporate the material for thin-film
deposition and an optical experiment was performed to characterize each film.

In this chapter, the steps for fabricating and characterizing a chiral STF
with/without tilt-modulation are explained. The key steps for fabricating and
characterizing these chiral STFs are (i) preparing the substrate for deposition, (ii)
programming the stepper motors to rotate and/or tilt, (ii1) evaporating the material and
eventually depositing its vapor onto the rotating/rocking substrate, and (iv) characterizing
the optical responses with an optical experiment.

3.1 Resistive-heating Physical Vapor Deposition

As different techniques for STF fabrication are discussed in Chapter 1, this
section is focused on resistive-heating PVD employed for this thesis. This technique was

chosen for three main reasons:

@) The deposition system is readily available.

(i1) The deposition system has two pre-installed stepper motors necessary for
substrate rotation and/or rocking.

(iii))  The time to fabricate all STFs is significantly lower through resistive
heating as opposed to the other technique implementable in the

departmental facilities (i.e., EBPVD).



22

There are at least three advantages to using resistive-heating PVD. The
evaporated atoms have a Maxwellian energy distribution, determined by the temperature
of the source material, which reduces the number of high-speed adatoms that can cause
deformation of the thin film being deposited. Also, the method provides a constant
deposition rate and high purity.

Desirable thin films, whether they are sculptured or not, depend on certain
parameters such as mass density, tooling factor, and z-ratio. Mass density depends upon
the material one chooses to use to evaporate, and is 5.42 g cm™ for ZnSe [50].

A deposition controller calculates the deposition rate at the substrate plane using a
pre-programmed tooling factor. The quartz crystal monitor (QCM) and the substrate are
usually not located at the same distance from the source of the vapor flux. This difference

is accounted for by a correction factor called the tooling factor. This is given by

Ac ?
Tooling Factor = (—j ,

As (3.1)

where Ac is the distance from the source to the crystal and As is the distance from the
substrate to the source. The deposition rate measured by the QCM is multiplied by the
tooling factor to obtain the correct deposition rate [58].

The z-ratio is used to adjust the changes in the resonant frequency of the crystal in
the QCM. The correction is needed for the effects of acoustic-impedance mismatch
between the source material and the crystal [58]. The z-ratio is the ratio of the acoustic

impedance of the quartz crystal (8.834x10°> g cm™ s™) to that of the selected material.



23

The acoustic impedance of a material is the product of its mass density and the phase

speed of acoustic waves in it. The z-ratio for ZnSe is 0.722.
3.2 Substrate Preparation

Substrate choice is important when depositing chiral STFs with/without
synchronous substrate rocking. A planar, transmissive, and chemically inert substrate is
desirable for STF growth. Therefore, Corning 7059% glass windows were used due to
their high optical transmittance, flatness, good chemical resistance, and batch-to-batch
consistency [81]. These commercially available glass windows are 5.08 x 5.08 cm?” in
size, and were cleaved with a diamond scribe into four 2.54 x 2.54 cm? substrates.

The glass windows are shipped pre-cleaned by the vendor, but needed to undergo
significant cleaning prior to employment in order to (i) remove any suface-attached
organic contaminants which could eventually damage the thin film integrity, (ii) reduce
surface scattering, and (ii1) promote adhesion.

Each substrate was placed in a Pyrex® glass dish, and underwent an ultrasonic
cleaning in an acetone bath, an isopropyl alcohol (IPA) bath, and a deionized (DI) water
bath, for ten minutes each in succession. After each cleaning step, the sample was rinsed
with ultra-pure DI water and blow-dried with a nitrogen gun. The cleaned substrate was
attached to a circular substrate holder with Kapton® tape which uniformly adheres to the

substrate even at temperatures as high as 120 °C [60].
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3.3 Material Loading and Back-end Processing

99.99% pure ZnSe in powder form was purchased from Alfa Aesar (Ward Hill,
MA, USA). The material was placed in a tungsten boat purchased from Kurt J. Lesker
Inc. (Clairton, PA, USA). Figure 3.1 shows ZnSe in granular form along with the boat
used in the deposition experiments. A respirator was worn during material placement due
to the extreme toxicity of ZnSe in powdered and evaporated forms.

The system was pumped down to a base pressure of 1.5 x 10” Torr. This base
pressure was reached before depositing any thin film for this work. While the vacuum

system was pumping down, the program to control the stepper motors was written.

Figure 3.1: Notched boat employed in STF-deposition experiments and ZnSe in granular

form [61, 62]

3.4  Deposition Process and Motor Programming
All chiral STFs fabricated were made to have a common pitch of 2Q = 330 nm
and a maximum of 9 spatial periods resulting in approximately 3-um-thick films. Two

sets of films were fabricated: (i) one set with an average vapor flux angle y, of 20° and a

rocking amplitude o, of 0°, 5°, 10°, and 15°; and (ii) another set with an average vapor



25

flux angle ¥, of 25° and rocking amplitudes of 0°, 5°, 10°, 15°, and 20°. For all tilt-

modulated chiral STFs (6, # 0°), the number N,,,; was set equal to 1.

I chose (i) y,= 20° for one set of films in order to place the circular Bragg
phenomenon in the visible spectrum and (i) y,= 25° for the second set of films in order

to verify that A" of the circular Bragg phenomenon could be changed simply by

changing ¥, . The SBD technique used for fabricating chiral STFs (described in Section

1.2.2) was used to fabricate all thin films presented in this thesis.

3.4.1 Stepper motor programming

For fabricating chiral STFs without tilt modulation, the vapor flux angle y, has to
be held constant throughout deposition. Therefore, the stepper motor which rotates the
substrate about an axis tangential to the substrate plane was programmed to keep y, fixed
at either 20° or 25°, depending on the film. A second stepper motor was programmed to
rotate the substrate about the z axis which passes normally through the center of the
substrate. Step-wise rotation of this substrate gives rise to chiral morphology. The
substrate holder was programmed to rotate 180° clockwise before one deposition, then
wait for 2.91 s before a second clockwise rotation of 183°(ergo, AS of 3°) and a second
deposition, thereby simulating a bideposition process. There are 120 steps required to

complete one full rotation.

For tilt-modulated chiral STFs, programs to control the stepper motors were writ-

ten similar to that for simple chiral STFs, but accounted for the substrate rocking motion.



26

One stepper motor was programmed to initially tilt the substrate about an axis tangential

to the substrate plane to ¥, + J,. This motor then would gradually rock the substrate
holder by 30 equal increments to ¥, - d,. The second stepper motor which rotates the sub-

strate about the z axis was programmed with the same parameters as for a chiral STF
without tilt modulation (i.e., d, = 0°). Then, the first motor was programmed to gradually
rock the substrate by another 30 equal increments to y, + J,, and the second motor was
programmed to rotate the substrate about the z axis another half period. The rocking peri-
od and the rotation period were of the same duration. Figure 3.2 shows a schematic of the
substrate holder which rotated and/or tilted the substrate used to fabricate all thin films

fabricated for the work reported in this thesis.
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Figure 3.2: Schematic of the substrate holder programmed for a sinusoidally varying

vapor flux angle with an average y,, maximum Y + J,, and minimum %, - J,.

3.4.2 Deposition process

A program was chosen and uploaded to a computer which controls the substrate
motors once the base pressure was reached. The mass density of ZnSe and tooling factor
3

were programmed into the deposition controller. The mass density of ZnSe is 5.42 gcm™.

The tooling factor for y = 20°is 153, whereas it is 162 for y, = 25°.
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A current was passed though the boat to resistively heat the source material in
increments of 5 A to stabilize the voltage readout on the current source. At approximately
90 A, the majority of the ZnSe sintered in the boat, and the shutter was opened with the
stepper motors operating so that a vapor flux could be incident on the substrate.

A deposition rate of 0.4 nm s, which quantifies the amount of vapor flux arriving
at a location per unit time, was measured in situ by the QCM. As the deposition rate
changes, the material depletes in the boat and the vapor pressure first increases and then
slowly decreases to the base pressure. A variation of 0.02 nm s™ in the deposition was
deemed acceptable.

Due to the small capacity of the boat to hold the source material and the power
limitations of the deposition system, two sequential depositions must be made to deposit
a 9-spatial-period-thick film. When the QCM would indicate that the thickness of the film
was 1500 nm, the substrate motors would be paused, the shutter would be closed, and the
evaporation chamber would be opened to refill the tungsten boat with more ZnSe. A
second deposition of 1500 nm after resuming substrate rotation was made, once the
chamber again reached a base pressure of 1.5 x 107 Torr, which ultimately led to a 3-
um-thick film. This two-step deposition process has not been reported for making chiral

STFs.

3.5 Optical Setup and Data Collection
An optical experiment to collect the circular and linear transmittance spectrums

was carried out after the fabrication of a film. Transmittances were measured instead of
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reflectances because all theoretical predictions on tilt-modulated chiral STFs were based
on normally incident light.

3.5.1 Optical setup

Unpolarized light from a white-light source was passed normally through a linear
polarizer, two Fresnel rhombs, and again through another linear polarizer before being
detected by a detector. The sample was placed between the two Fresnel rhombs. If both
the linear polarizers are rotated by 45° (or -45°), the plane wave is LCP (or RCP). A (i)
Leica 100 W halogen bulb white-light source, (ii) two Glan-Thompson linear polarizers,
(ii1) two quarter-wave Fresnel rhombs, (iv) and a silicon-based optical fiber leading to a
spectrometer were the optical components of the setup used for all optical experiments

reported in this thesis. The setup is schematically shown in Figure 3.3.
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Figure 3.3: Schematic of the beam path for measuring transmittances of chiral STFs: (A)
light source; (B1) first Glan-Thompson linear polarizer; (C1) first Fresnel rhomb; (E)
substrate holder with sample positioned such that the beam passes through it; (C2) second
Fresnel rhomb; (B2) second Glan-Thompson linear polarizer; and (D) Fiber-optic cable

connected to a HR2000 OceanOptics® spectrometer.

The plane wave leaving the first Fresnel rhomb is circularly polarized with hand-
edness based on the rotation of the first linear polarizer. The plane wave is normally inci-
dent onto a thin film/substrate/substrate-holder stack when looking from the light source.
The transmitted wave then propagates to the second Fresnel rhomb, and to the second
linear polarizer. A silicon-based optical fiber leading to an OceanOptics® HR2000 UV-
VIR-NIR spectrometer was positioned perpendicularly onto the second linear polarizer in

order to collect the light reaching the detector.
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In order to determine linear transmittances, the Fresnel rhombs were removed
from the beam path, and the linear polarizers were set to + 90° (or -90°) for p- (or s-)

polarization states.

3.5.2 Data collection

The transmittances for circularly polarized light are denoted as Tgg, T1s, Trr, and
Tir, and the transmittances for linearly polarized light are donoted as Tpp, Tss, Tps, and
Tsp in the remainder of this thesis. The second subscript denotes the polarization state of
the light on the thin film, and the first one denotes the of polarization state of the detected
light. For example, Ty, denotes the portion of the incident power density transmitted as an

RCP wave when the incident plane wave is LCP.

The procedure for obtaining the transmittances of each film is exemplified
through Ty, as follows:

(1) turn on the Leica 100 W halogen light source in a dark room under ambi-
ent conditions, and allow it to stabilize for 30 minutes;

(ii) rotate the first Glan-Thompson linear polarizers (B1 in Figure 3.3) to -45°
and the rotate the second (B2) to +45°;

(iii)  maximize the light intensity collected by the detector without going into
saturation without the film in the film holder, by adjusting the voltage on

the light source;

(iv)  capture this intensity profile and store it as dg;
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V) remove the sample and block beam path;

(vi)  capture the intensity profile (essentially zero intensity in a.u.), and label
this profile as ‘Dark’;

(vii)  secure a film into the film holder, allow normally incident light to transmit
through the film, and capture the transmitted intensity profile. Store this
and save it as Try, measured; aNd

(viii)  calculate the transmittance T, using the equation provided in Table 3.1.

Let me note that each film’s transmittances were measured within one day of fabrication.
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Table 3.1 Equations to calculate the transmittances for circularly polarized (column A)

and linearly polarized incident light (column B) from experimental data.

(A)

] % — RR measured D ark
RR =
aR o Dal‘k
1., = l’./- measured Dark
LL —
a, — Dark
]1 - TRL measured -D a’lk
RL =
aR = Da"k
]' o TLR measured D Cll“k
LR —
a[_ == Dal‘k

(B)

PPine(lsure(l - D al’k
I pp =
dp — Dark
7;\‘ S l)a}‘k
D9 measuired
o=
dg — Dark
/PS measured - l ) a"k
P —
— Dark
dap )
T‘SP measured - [) a f‘k
T =
as — Dark

aR - Amplitude of incident RCP plane wave

CZL - Amplitude of incident LCP plane wave

dp

dg

Amplitude of incident p-polarized
plane wave

Amplitude of incident s-polarized
plane wave
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CHAPTER 4
RESULTS OF OPTICAL EXPERIMENTS AND THIN-FILM

MORPHOLOGY

In this chapter, spectrums of the transmittances for linearly and circularly
polarized plane waves normally incident on chiral STFs with/without tilt-modulation are
presented. For normally incident circularly polarized plane waves, the suppression of the
Bragg phenomenon is observed when a maximum rocking amplitude is reached. SEM
images of chiral STFs and tilt-modulated chiral STFs are also presented, which exhibit
chiral, non-homogeneous, and periodic morphology, even though the substrate was
rocked about an axis tangential to the substrate plane.

4.1 Circular Transmittance Spectrums for y = 20°

The measured circular transmittances of a structurally right-handed chiral STF,

for which y = 20° was set, are shown in Figure 4.1(A). As can be concluded from this

figure, an LCP plane wave is moderately transmitted for normal incidence over the range
of wavelengths 600 < 4, < 675 nm, which is the circular Bragg regime. The moderately
high values of 77, within the circular Bragg regime indicate that an incident LCP plane
wave maintains its polarization state in transmission. An incident RCP plane wave is
highly reflected within the same spectral regime. The central wavelength 4,”" of the
circular Bragg regime is approximately 650 nm, and the difference between 77, and Tgg

is 0.43 at that wavelength.
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Figures 4.1 (B) — (D) are circular-transmittance spectrums for y =20°, and (B) J,

=5°, (C) J, = 10°, and (D) ¢, = 15°. Each figure clearly shows the Bragg phenomenon,
but as the rocking amplitude o, reaches a maximum of 15°, the discrimination between
incident RCP and LCP light at 4,”" is greatly reduced. The difference between Tz and
Ty light at 2.5 in Figures 4.1 (B), (C), and (D) diminishes to 0.42, 0.40, and 0.07,
respectively. Therefore, when a maximum rocking amplitude is reached, the tilt-
modulated chiral STF is almost completely insensitive to the polarization state of the
normally incident wave, although a Bragg phenomenon remains. Also, the cross-

polarized circular transmittances are almost non-existent over the circular Bragg regime.
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Figure 4.1: Circular transmittance spectrums of a chiral STF fabricated with y = 20°

with/without rocking motion: (A) ¢, = 0°, (B) 4,= 5°, (C) d,= 10°, and (D) d,= 15°.
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4.2 Linear Transmittance Spectrums for y = 20°

Figures 4.2 (A) — (D) show the measured linear transmittance spectrums for y, =

20°. An incident p-polarized plane wave is transmitted more than an s-polarized plane
wave, as seen in Figure 4.2 (A). Similar to the circular transmittances, the bandwidth of
the Bragg regime is (600 < 4, < 675 nm) is still evident. In Figures 4.2 (B) — (D), the
curves of Tsgand Tpp begin to take the same form with little discrimination at /103 " and in
the Bragg regime, as J, increases. At /103 " the difference between Tssand Tppis ~ 0.1 in

Figure 4.2 (D).



38

10 [
0.8
0.6
0.4
L
8 02|
R |
= 0.0
=,
o -
E 1.0 T T T T 1.0 T T T T
v I
S os | © : (0)
0.8 1 08 7
8 i ] :
[ 06 - 06 f |
04 f 04 )
02 F 0.2
F i 4 = O " 4
0-0 d ol ot @ gem|wy oy F NIy 4N | ey Sy 0‘0 =
450 500 550 600 650 700 450 500 550 600 650 700

b (nm)
Figure 4.2: Linear transmittance spectrums of a chiral STF fabricated with y,=20°

with/without rocking motion: (A) d,= 0°, (B) J,= 5°, (C) d,= 10°, and (D) d,= 15°.
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4.3  Circular Transmittance Spectrums for y = 25°

A second set of simple and tilt-modulated chiral STFs with y = 25° was

fabricated and characterized to verify that the bandwidth of the circular Bragg

phenomenon can be changed simply by changing 7, . Figures 4.3 (A) — (E) present the
spectrums of circular transmittances for y,= 25°. Figures 4.3 (B), (C), (D), and (E) are

for tilt-modulated chiral STFs where 6, = 5°, 10°, 15°, and 20°, respectively.

In Figure 4.3 (A), an incident LCP plane wave is highly transmitted whereas an
incident RCP plane wave is highly reflected in the circular Bragg regime 725 </, < 825
nm. A low Tgg is consistent with a right-handed structurally chiral STF. The central
Bragg wavelength A,”" = 765 nm has red-shifted to the near-IR spectral regime. The
circular Bragg phenomenon is better defined in Figure 4.3 (A) than in Figure 4.1 (A).

There is a difference of 0.63 between Txg and T at ioBr in Figure 4.3 (A).

Figure 4.3 (B) shows that the circular Bragg regime has blue-shifted to 700 <4, <
800 nm, whereas 4, is approximately 730 nm. This shift can be attributed to modulating
the vapor flux angle during fabrication. This spectrum still shows a strong circular Bragg
phenomenon. The difference in Txg and 77, at ioBr has reduced to 0.51.

For 0, = 10° (Figure 4.3 (C)), the circular Bragg phenomenon is still located at
700 < 4, <800 nm and ioBr does not appear to have shifted. However, the spectrum of 77,
is beginning to take the same shape as the spectrum of Tgg, whereas the difference
between Trgr and Ty is further reduced to 0.43 at /laBr . This suggests that the circular

Bragg phenomenon is gradually reducing.
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When the rocking amplitude is increased to 0, = 15° (Figure 4.3 (D)), and then 9,
= 20° (Figure 4.3 (E)), the circular Bragg regime is red-shifted to 675 < 4, <750 nm and
700 < 4, <775 nm respectively. This has to be due to high values of J,. When o, = 15°,
the discrimination between Trr and 7T;; has reduced to 0.08 at AOB " and the difference is
non-existent at 4,2 for 8, = 15°.

It is important to note that Figure 4.3 (E) displays the possibility of a twist-defect,
which is a purposely inserted defect, caused by abruptly rotating the substrate 90° after
depositing a a chiral STF [59,90]. A twist-defect would appear as a transmittance peak at
2,%" with a bandwidth of approximately 10 nm. This is a possibility since the film was
deposited in two steps; but that defect is not clearly evident in the SEM images presented
in Section 4.5.

The circular transmittance spectrums in Figures 4.3 (A)-(E) suggest that
suppression of the circular Bragg phenomenon is more pronounced for higher values of

7, when compared to lower values of %, . Futhermore, the transmittances in Figure

confirm that a tilt-modulated chiral STF can behave similarly to a dielectric mirror, and

that its bandwidth can be changed simply by changing 7, .
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Figures 4.3: Circular transmittance spectrums of a chiral STF fabricated with y, = 25°
with/without rocking motion: (A) d, = 0°, (B) ¢, = 5°, (C) 9, = 10°, (D) ¢, = 15°, and (E)

oy =20°.



42

4.4 Linear Transmittance Spectrums for = 25°

Figure 4.4 shows the spectrums of linear transmittances for y, = 25°. There is

some discrimination between incident s-polarized and p-polarized plane waves, but this
discrimination appears to reduce as o, increases. In Figure 4.4 (A), Tppis higher than Ty
within the same circular Bragg regime as that of Figure 4.3 (A). In Figures 4.4 (B) — (E),
the discrimination between incident s- and p-polarized plane waves is gradually reduced,
and cross-polarization transmittances become virtually null within the Bragg regime.
Figure 4.4 (E) also shows that the discrimination between an incident s-polarized plane
wave and an incident p-polarized plane wave has reduced further to 0.06 at A,"” when

compared to those for y, =20° (Tpp — Tss ~ 0.1 at 2,""), which suggests that the plane-

wave discrimination in linear transmittance is lower for higher values of %,



43

(B)

0.6

04

0.4

Transmittance

500 600 700 800

0.0 ~ s
500 600 700 800

A, (M)

Figure 4.4: Linear transmittance spectrums of a chiral STF fabricated with » = 25°
with/without rocking motion: (A) d, = 0°, (B) d, = 5°, (C) J, = 10°, (D) ¢, = 15°, and (E)

oy = 20°.
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4.5 Thin-film Morphology of Chiral and Tilt-modulated Chiral STFs

Field-emission scanning-electron-microscopy (FE-SEM) was used to image the
morphology of chiral STFs and tilt-modulated chiral STFs. In this section, five images
displaying the cross-sectional morphology of y = 25° and o, = 0°, 5°, 10°, 15°, and 20°
on glass substrates are presented.

Sample preparation is crucial for imaging cross-sections of STFs. Due to the
sample-size limitations of the FE-SEM tool, sample of size 2.54x2.54 c¢m” must be
reduced to about 0.1x0.1 cm®. One must be careful not to disturb the structural integrity
of the film when reducing each sample to smaller pieces; therefore, one cannot simply
use a diamond scribe to cleave the sample to a smaller size.

In order to overcome this challenge, the “freeze-fracturing” method [64] was
adopted to reduce each sample to a smaller size. The sample was (1) placed into a plastic
container, (i1) immersed in liquid nitrogen, and (ii1) broken with a hammer and punch.
The liquid nitrogen froze the entire sample and helped maintain the structural integrity of
the thin film.

A reduced-sized sample was chosen and an ultra-thin film (~ 5 nm) of gold was
sputtered onto the cross-section to make the sample conductive, which is required for FE-
SEM imaging. Finally, the sample was positioned onto a sample holder with conductive

tape before being placed in the FE-SEM chamber.
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Figures 4.5 (A) and (B) are FE-SEM images of a sample for y,=25° and J,=0°.
This is a simple chiral STF displaying periodic, non-homogeneous, and chiral
morphology. Figure 4.5 (A) is a low-resolution image. Measurements are included in this
image to show that the chiral STF has an average thickness of 3.08 um. This value is in
good agreement with a QCM-reported thickness of 3.00 um. Furthermore, these data
verify that the in-situ QCM is properly reading the film thicknesses based on the
deposition rate and tooling factor.

Image (B) is a high-resolution image of the same image. The extreme black and
white contrasts in Figure 4.5(B) are due to charging effects on the glass substrate in
which each image was taken. This phenomenon can be eliminated by depositing the

chiral STF on a conductive medium, such as silicon, for SEM imaging.

16-Feb-12 %=25d0 WD10.9mm 5.00kV x15k  2um

Figure 4.5: FE-SEM images of a chiral STF for which 7, =25°and J, =0°: (A) low-

resolution image with thickness measurements, and (B) high-resolution image of the

chiral STF.
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Figures 4.6 (A) and (B) are FE-SEM images of a tilt-modulated chiral STF for
which y, = 25° and J, = 5°. Figure 4.6 (A) shows the average film thickness to be 3.04
um. Figure 4.6 (B) is a high-resolution FE-SEM image which displays upright, parallel,
non-homogeneous, and undoubtedly, chiral morphology. It is clearly seen in these images
that structural chirality is maintained even though the substrate is rocked during

deposition.

SE 16-Feb-12 %¥=25d5 WD 9.9mm 5.00kV x20k

Figure 4.6: FE-SEM images of a chiral STF for which ¥, =25° and J, = 5°: (A) low-

resolution image with thickness measurements, and (B) high-resolution image of the

chiral STF.

Figures 4.7 (A) and (B) are FE-SEM images of a tilt-modulated chiral STF for

which y,= 25° and J, = 10°. Figure 4.7 (A) shows the average film thickness to be 3.08

um. Figure 4.7 (B) is a high-resolution FE-SEM image which continues to display

upright, parallel, non-homogeneous, and again, chiral morphology. However, Figure 4.7
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(B) begins to show the chirality of the film being “stretched” along the thickness

direction, which could be attributed to the moderate level of tilt modulation.

Figure 4.7: FE-SEM images of a chiral STF for which y, =25° and J, = 10°: (A) low-

resolution image with thickness measurements, and (B) high-resolution image of the

chiral STF.

Figures 4.8 (A) and (B) are FE-SEM images of a tilt-modulated chiral STF for

which ¥, =25° and J, = 15°. Figure 4.8 (A) shows the average film thickness to be ~ 2.84

um. This is in good agreement with the thickness of 2.89 um read by the QCM. This film
is thinner than the films in Figures 4.5 — 4.7 because the source material was totally
depleted during growth, which was indicated during the fabrication by an unstable
deposition rate. Therefore, the deposition process was stopped at 2.89 um thickness in
order to maintain the quality of the film. Figure 4.8 (B) is a high-resolution FE-SEM
image which still exhibits upright, parallel, non-homogeneous, and chiral morphology.

However, Figure 4.8 (B) shows the chirality of the helices to be futher stretched, which
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can be due to more tilt modulation. Furthermore, this image clearly shows the structural

period of the helices, which is typically unseen in SBD deposited filims.

SE  16-Feb-12 *25d15 WD1l.2mm 5.00kV x20k 2 x25d15 WD11.2mm 5.00kV x20k

Figure 4.8: FE-SEM images of a chiral STF for which y, =25° and J, = 15°: (A) low-

resolution image with thickness measurements, and (B) high-resolution image of the

chiral STF.

Figures 4.9 (A) and (B) are FE-SEM images of STF for which y, = 25° and J, =

20°. Figure 4.9 (A) shows the average film thickness to be ~ 3.24 um. This is in good
agreement with the thickness read by the QCM which was 3.10 um. Figure 4.8 (B) is a
high-resolution FE-SEM image. This image clearly shows upright, non-homogeneous,
and parallel columns. However, the “stretching” along the thickness direction as seen in
Figures 4.7 and 4.8 is so high that the film appears at first glance to have lost its structural
chirality. In fact, the morphology suggests that each nanocolumn appears to be a 3-D

nano-ribbon with twists. Lastly, Figure 4.9 (B) does not show any indication of a twist
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defect, as discussed in Section 4.3.

Figure 4.9: FE-SEM images of a chiral STF for which y, =25° and J, =20°: (A) low-

resolution image with thickness measurements, and (B) high-resolution image of the

chiral STF.

The theory for tilt-modulated chiral STFs states that as o, increases, the difference
T11-Trr goes to zero, but the Bragg regime remains. The experimental work presented in
this thesis shows that as o, increases, the difference 77;-Trr decreases, and the Bragg
regime still remains. However, perfect correspondence between the theory and this
experiment is not obtained.

The theory used ¢, &5, €., and y to y, relationships for a CTF [6]. CTF growth is
static such that the vapor flux angle is held constant during deposition. These equations
perhaps can be used for a chiral STF for which J, = 0°, but when there is rotation, the tilt
angle changes dynamically. Between the relationship between y and y, for a CTF and that

for an SNTF [31] (rocking, but no rotation), it is known that there is a big difference [33].
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This is the reason why qualitative agreement was obtained here with the theoretical

predictions of Polo and Lakhtakia [6], but not anything close to a quantitative agreement.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

As was discussed in Chapter 1, the objectives of the work presented in this thesis
were to (i) fabricate tilt-modulated chiral STFs by resistive-heating PVD, (ii) optically
characterize the suppression of the circular Bragg phenomenon when a maximum rocking
amplitude is reached, and (iii) verify the structural chirality of the film is maintained,

even though the substrate is rocked during fabrication.

In order to achieve the first objective, ZnSe was chosen to fabricate chiral STFs
and tilt-modulated chiral STFs on a glass substrate. ZnSe was an adequate choice due to
its high refractive index, low sublimation point, optical transparency over a wide range of
waelengths, and robustness.

The resistive-heating PVD technique was chosen for the deposition because the
deposition system that was used (i) had pre-installed stepper motors which is necessary
for substrate rotation and/or rocking, (ii) was readily available, and (iii) required less time
to fabricate thin films as opposed to other techniques implementable in the university
facilities. Also, resistive-heating PVD allows constant deposition rates and produces
high-purity thin films.

Two sets of chiral STFs and tilt-modulated chiral STFs were fabricated by the
SBD technique. Two computer-controlled stepper motors — one which tilts the substrate

about an axis tangential to the substrate plane, and one that rotates the substrate about the
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z axis which passes normally through the substrate — were programmed to have a desired
tilt amplitude and rotation of the substrate. Both sets of chiral STFs differed only in the
value of the average vapor flux angle ¥, , and both sets comprised at least four types of
chiral STFs with different values of tilt amplitude J,, thereby achieving the first objective.

To achieve the second objective, the experimentally measured transmittances for
both incident linearly and incident circularly polarized plane waves were obtained as
functions of the free-space wavelength. Only, normally incident plane waves were
considered. For circularly polarized plane waves, it was obsereved that the circular Bragg
phenomenon was gradually suppressed over the Bragg regime as J, was increased. This

observation was made for both sets of chiral STFs (with different values of ).
However, the set of chiral STFs with the higher value of y, showed better suppression of

the circular Bragg phenomenon than the one with the lower value of J,. For linearly

polarized plane waves, a similar phenomenon was observed where the discrimination
between two linear-polarization states becomes less significant when the value of 4,
increases. Moreover, the discrimination between the two plane waves was found to be
lower for a higher value of ¥, than for lower value of %, .

In order to achieve the third objective, field-emission scanning-electron-
microscopy was used to image the simple chiral STFs and tilt-modulated chiral STFs
with a higher value of ¥, . It was seen that structural chirality is maintained, even though
the substrate is rocked in addition to rotation. At moderate values of d, (~ 50 % tilt with

respect to 7, ), spatial periods of the helical morphology are clearly seen, which is not
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normally seen in SBD chiral films with , = 0°. At extreme values of d, (~ 80 % of %,),

the morphology suggests that nanocolumns resemble nano-ribbons.

It is my hope that the transmittances of tilt-modulated chiral STFs can be
optimized in order to replace quarter-wave stacks with future work. Furthermore, I hope
that these films can be employed to be used in passive optical elements such as beam-

splitters or dichroic filters.

5.2 Future Work
Based on the results of the work reported in this thesis, future work can take at

least three different paths.

5.2.1 Alternate materials

Polo and Lakhtakia based their theoretical predictions of tilt-modulated chiral
STFs on empirical equations that related the relative permittivity scalars €, and y to y,
for columnar thin films of titanium dioxide [6, 46]. Therefore, it would be of interest to

fabricate tilt-modulated chiral STFs with titanium dioxide through EBPVD with the
values Polo and Lakhtakia chose for y,, d,, and Q, and to compare experimental
transmittances with their calculated transmittances. Even so, differences can be expected,
because the relationships of ¢, and y to y, for columnar thin films are not likely to hold

for tilt-modulated chiral STFs.
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5.2.3 Changing the value of N,

Polo and Lakhtakia had [6] also set the number N,,,s of rocking oscillations over a
structural half-period equal to 1. The value of N,,,, could be either increased or decreased
by a half or whole integer. It is possible that the discrimination between circularly and
linearly polarized light is futher diminished as N, 1s increased by two or three integers,

or reduced by '%.

5.2.3 Incident light at oblique angles

Only normally incident light was considered for calculated transmittances of tilt-
modulated chiral STFs [6] and the experimental work presented in this thesis. It would
be interesting to see if the suppression of the circular Bragg phenomenon is increased or

decreased when the light is incident on tilt-modulated chiral STFs at oblique angles.
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APPENDIX

PHYSICAL PROPERTIES OF ZnSe

Table A.1: List of relevant physical properties for ZnSe adopted from [63].

Material Property ZnSe
Melting point
(K) 1797
Bandgap
(E) 2.7
Lattice constant @ 300 K 0.567

Density @ 300 K
(g cm™) 5.26

Thermal conductivity
(Wem' K 0.19

Poisson Ratio 0.28

Electron effective mass
(m* m,) 0.21

Hole effective mass
(m*/ m,) 0.6

Knoop hardness
(N em?™) 0.15

Young's modulus
(Mpsi) 10.2




