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Abstract

The unit cell of a chevronic sculptured thin film (ChevSTF) comprises two identical colum-
nar thin films (CTFs) except that the nanocolumns of the first are oriented at an angle χ and
nanocolumns of the second are oriented at an angle π − χ with respect to the interface of the two
CTFs. A ChevSTF containing 10 unit cells was fabricated using resistive-heating physical vapor
deposition of zinc selenide. Planewave reflectance and transmittance spectrums of this ChevSTF
were measured for a wide variety of incidence conditions over the 500–900-nm range of the free-
space wavelength. Despite its structural periodicity, the ChevSTF did not exhibit the Bragg phe-
nomenon. Theoretical calculations with the CTFs modeled as biaxial dielectric materials indicated
that the Bragg phenomenon would not be manifested for normal and near-normal incidence, but
vestigial manifestation was possible for sufficiently oblique incidence. Thus, structural periodic-
ity does not always lead to electromagnetic periodicity that underlies the exhibition of the Bragg
phenomenon.
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Chapter 1
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The following thesis is based partly on a journal publication which I authored which goes
by the same title [1]. The publication was authored by me, Patrick D. McAtee and Dr. Akhlesh
Lakhtakia. I was responsible for fabricating and optically characterizing the thin film samples used
in the study. Dr. Lakhtakia supervised all aspects of this research and wrote the final form of the
paper. Patrick D. McAtee captured the SEM images and worked with me to write the content in
chapter 2. The three of us worked together to complete the other chapters. In this introductory
chapter, I wrote additional sections titled “Bragg Mirrors” and “Physical Vapor Deposition” to
create a more comprehensive review of the subject matter of this thesis.

1.1 The Bragg Phenomenon
The reflection of X rays of a specific wavelength incident on a crystal from a specific direction

is intensely peaked in specific directions that are characteristic of the structural periodicity of the
arrangement of atoms in the crystal. A simple relationship describing this phenomenon is attributed
to the father-son duo W. H. Bragg and W. L. Bragg [2, 3]. The underlying mathematical treatment
deriving from a rigorous application of the frequency-domain Maxwell equations was provided by
Ewald [4].

The Bragg phenomenon is exhibited also by a periodically nonhomogeneous material, albeit
at optical and lower frequencies [5, 6, 7]. Plane waves incident from any direction in a certain
sector of the full solid angle are highly reflected by a half space occupied by a periodically non-
homogeneous material, provided that the free-space wavelength lies in a certain spectral regime,
thereby indicating the formation of partial bandgaps. If high reflectance occurs for all directions in
a certain spectral regime, a full bandgap is said to be exhibited.

1.2 Bragg Mirrors
Periodically nonhomogeneous materials have been commonly called as photonic crystals for

the last three decades. The optical response characteristics of one-dimensional photonic crystals in
the form of periodic multilayers were investigated in the late 19th century [8]. Often called Bragg
mirrors or distributed Bragg reflectors nowadays, these structures are fabricated by a variety of
thin-film techniques [9, 12, 10, 11]. The number N of periods must be sufficiently high for the
Bragg phenomenon to be exhibited well enough for most applications [25].

When a Bragg mirror comprises only isotropic dielectric materials, its performance is indepen-
dent of the polarization state of normally incident light. For obliquely incident light, the center
wavelengths of the high-reflectance bands—called Bragg regimes—do not depend on the polariza-
tion state of the incident light, but the reflectance does [25].

When a Bragg mirror comprises anisotropic dielectric materials, then the exhibition of the
Bragg phenomenon can be polarization dependent even for normally incident light [9, 22]. The
simplest anisotropic dielectric material is uniaxial [23], as exemplified by minerals such as calcite,
tourmaline, and rutile [24]. Columnar thin films (CTFs) fabricated using a variety of physical vapor
deposition (PVD) techniques [10, 9, 25] are also anisotropic dielectric materials that are used in
polarization-discriminatory Bragg mirrors [9, 12].

In the following section, I will discuss the problem of constructive interference caused by a



3

thin, isotropic film on a reflective substrate as it provides some intuition for the basis of the Bragg
phenomenon in Bragg mirrors.

1.2.1 Simple Thin Film Interference
Consider a beam of light incident on the sample as shown in Fig. 1.1 below. Note that all

three materials shown in this figure are assumed to be isotropic. First, light which passes through
the ambient environment (the layer with a refractive index of n1) will be partially reflected by
the interface with the thin film and partially transmitted into the film. Once again, at the interface
between the thin film and the substrate, some more light will be reflected away. The key to creating
constructive interference is to design the thicknesses of the layers such that the portion of the light
which is reflected back out by the substrate (Beam B) is in-phase with the portion which is reflected
back by the thin film (Beam A).

An additional consideration is the following. When light is reflected off of a medium with a
higher refractive index than the originating medium, then the phase of the light changes by 180
deg. Therefore, in the case shown in Fig. 1.1, there would be such phase shifts for the beams
reflecting off of the substrate and the thin film. As it turns out, since we are trying to find the phase
difference between beams A and B, these two phase shifts will cancel out and are not important
here.

Figure 1.1: A schematic of the reflection of light in a simple thin film. The white medium is mean
to be the ambient environment (such as air). The green layer is the thin film. The blue layer is the
substrate. All three materials are assumed to be isotropic.

The phases of two waves can be conveniently compared using a quantity known as the optical
path length: Lop = nd where n is the refractive index of the material and d is the distance a wave
travels through the said material [13]. Recall that the refractive index can be written as the ratio
of the wavelength of a wave in free space to that of the wave propagating through the material in
question: n = λo

λn
where λo is the free space wavelength and λn is the wavelength for the medium

in question. Substituting this into the definition for the optical path length:

Lop = λo
d

λn
. (1.1)
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In Eq. 1.1 above, the quantity represented by the fraction is basically the number of wavelengths
which fit in the distance traversed by the wave of light. When we multiply this quantity by the free
space wavelength, we are, in a sense, scaling the number of wavelengths traversed by the free space
wavelength which serves as a good reference point with which to compare phases of different light
waves with. Mathematically, we can state the condition for constructive interference in this thin
film in terms of the difference between optical path lengths for beams A and B shown in Fig. 1.1
[13]:

∆Lop =
2 d n2

cos(θ2)
− 2 d n1 tan(θ2) sin(θ1). (1.2)

Eq. 1.2 shows the optical path difference (OPD). This must be equal to an integer multiple of the
wavelength of the light, as seen by the medium with refractive index n1, in order for constructive
interference to occur. Shown below is the final equation which describes the condition for the
constructive interference of light of a certain wavelength. These are the wavelengths which would
be reflected away by the sample which now acts as a basic Bragg mirror [13]:

2n2 d cos(θ2) = mλ. (1.3)

In concept, expanding the structure shown in Fig. 1.1 is fairly simple. Firstly, the substrate
would no longer be a substrate but a specially designed thin film layer which, in conjunction with
the layer above it, would form a unit cell. The thicknesses of the two layers in the unit cell would
be adjusted such that light which reflects off of the bottom of the unit cell would constructively
interfere with “Beam A”. By stacking many such unit cells on top of each other, one can “catch”
more light to use for constructive interference [14]. Deriving the actual transmission and reflection
of light through a Bragg mirror requires more sophisticated calculations, especially if the layers in
the unit cell are not isotropic. Such calculations will be used in detail in sections 2.1 and 2.2.

A noteworthy observation from Eq. 1.3 is the effect of the angle of incidence on the center
wavelength of the Bragg phenomenon. Referring back to Fig. 1.1, when θinc is reduced, so is θ2.
In Eq. 1.3, when θ2 is reduced, λ must be larger to maintain the equality. Therefore, the smaller the
angle of incidence, the larger the wavelength at which the Bragg phenomenon occurs. This trend
is also apparent in Bragg mirrors as it will be for the experimental and theoretical data in this study
[15].

1.2.2 Design of Bragg Mirrors
For this subsection, I will discuss the design parameters of Bragg mirrors which are composed

of alternating, isotropic layers (as shown in Fig. 1.2) and how these parameters affect the perfor-
mance of the device. For this type of architecture, there are three main design parameters: the
number of unit cells, the difference in refractive indexes of the two materials, and the respective
thicknesses of each of the two layers in the unit cell. These relationships can be applied to Bragg
mirrors composed of anisotropic materials as well, to a large extent.
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Figure 1.2: A diagram of a simple Bragg mirror in which each unit cell is a pair of isotropic
materials with differing refractive indexes and thicknesses.

Firstly, the number of unit cells in a Bragg mirror affects how well developed the Bragg regime
is. For light incident on one or a few unit cells, one may observe a broadened peak in the reflection
of light around the center wavelength. For a well-developed Bragg mirror with a thickness on the
order of 20 unit cells, the Bragg regime is very sharply defined; the reflectance sharply rises at
the beginning of the optical bandgap, remains mostly flat, and quickly drops down to the original
reflectance pattern [15]. This effect of the number of unit cells has been illustrated using theoretical
simulations in Fig. 1.3. This figure shows the graphs of theoretical reflectances for three different
Bragg mirrors. All three mirrors are identical except in the number of unit cells they are composed
of. From top to bottom, the results are shown for devices made from 10, 20, and 30 unit cells.
Note how increasing the number of unit cells not only raises the reflectance but also sharpens the
bandgap profile.
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Figure 1.3: These plots show the theoretical results for the reflection of s-polarized light at different
wavelengths from three Bragg mirrors. The mirrors are identical in every way except in the number
of unit cells they are composed of. From top to bottom, the results are shown for a 10-, 20-, and
30-period film.
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Secondly, increasing the difference in refractive indexes between the two layers in the unit cell
(∆n) would make the device more effective at reflecting light. In other words, to achieve a certain
level of reflectivity, one can use many unit cells with a small ∆n or fewer unit cells with a large
∆n. Furthermore, the width of the bandgap increases with ∆n [15].

Last, but certainly not least, the choice of materials is critical. This is not only for setting a
certain ∆n as mentioned above, but also to account for the differing properties of these materials
in different wavelength ranges (such as transmission of light). For instance, SiO2 and Al2O3 are
used in the visible and near-infrared regime while materials like ZnSe and Ge are used in the mid-
to far-infrared [16]. This is choice is partly due to the transmission of light; SiO2, for example,
strongly absorbs light in the mid- to far-infrared range while ZnSe does not. Another factor to
consider how the refractive index changes at different wavelengths; it could be that the refractive
index changes drastically beyond a certain wavelength. If so, this may cause drastic changes in
how the reflector operates. Shown in Fig. 1.4 are graphs of the refractive index of Ge over different
wavelength ranges. Note the drastic change in refrative index between 500 and 600 nm (left) and
contrast this with its relatively stable refractive index in the infrared range (right). This shows that
Ge can behave fairly predictably as an optical material in the mid- to far-infrared range because its
refractive index can be taken as a constant.
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Figure 1.4: The data on the left shows the refractive index of Ge over some portion of the UV and
all of the visible range. This data was obtained from: D.E. Aspnes and A. A. Studna. Dielectric
functions and optical parameters of Si, Ge, GaP, GaAs, GaSb, InP, InAs, and InSb from 1.5 to 6.0
eV, Phys. Rev. B 27, 985-1009 (1983). On the right is the same data but for the infrared range and
it was obtained from: Icenogle et al. Refractive indexes and temperature coefficients of germanium
and silicon Appl. Opt. 15 2348-2351 (1976).

1.2.3 Applications
Bragg reflection is used often in optical fibers to process signals of certain wavelengths. This is

done by creating fiber Bragg gratings (FBGs) within the fiber. Similar in architecture to the device
shown in Fig. 1.2, FBGs are portions of a fiber which are designed to have layers with alternating
refractive indexes so as to reflect a certain wavelength of light. Unlike with a Bragg mirror, these
gratings are not made by depositing thin films of high and low refractive index materials. Rather,
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one can induce permanent changes in specific portions of the glass itself by exposing these areas
to certain wavelengths of light (typically ultraviolet wavelengths). In practice, two beams of light
which are of this wavelength are combined to create an interference pattern on the fiber, which
creates a period variation of the intensity of the light over its length. This periodic variation of the
intensity subsequently induces periodic changes in the refractive index of the fiber. However, the
difference between the highest and lowest refractive index is not quite as high as what one could
achieve using thin films [15]. Recall from section 1.2.2 that in order to achieve a strong reflectance
profile, one must at least have a large ∆n with a few unit cells or a small ∆n with many unit cells.
In the case of FBGs, the ∆n is typically small so the total length of the grating must be relatively
larger (on the order of millimeters) [17, 18].

Bragg reflectors in thin-film form are used ubiquitously because of the versatility and accu-
racy with which one can process light with them. For instance, they can be used in extreme
ultraviolet (EUV) lithography for reflecting the EUV radiation [19]. EUV lithography is a rising,
next-generation form of optical lithography which is meant to enable higher resolution than current
optical lithography techniques. It is highly sought after in the nanoelectronics industry because of
its potential use in fabricating smaller devices. An important aspect of this technology is that lenses
would actually absorb EUV radiation and, therefore, one can only use mirrors. However, the only
way to create a mirror for reflecting EUV light is through a Bragg mirror composed of Si and Mo
[20]. For this reason, Bragg mirrors become essential in this line of work.

Thin-film Bragg reflectors can be used once again in optical communications as a way of de-
multiplexing signals. In other words, multiple reflectors can be used to create a device where
optical signals of different wavelengths can be separated. These reflectors are also used in fluores-
ence microscopy to filter out unwanted fluorescent signals [17]. Other areas where Bragg reflectors
are used include but are not limited to astronomy, laser physics, and for heat control (by reflecting
infrared radiaition) [21].

1.3 Physical Vapor Deposition
Physical vapor deposition (PVD) is one of the most basic techniques for fabricating thin film

coatings which has been explored since the 1850s [16]. One of the ways to perform this type of
deposition is by thermally evaporating the thin film material to have it deposited on the surface of
a substrate. Since this is the method used in our study, the following explanation will focus on
the basics of our implementation of thermal evaporation and the finer details will be explained in
section 2.3.1.

The material to be deposited (ZnSe in this case) starts out in a powder form. This powdered
ZnSe is packed into a tungsten receptacle from which it will be heated and evaporated. The tung-
sten receptacle is fixed to electrical contacts and, during the deposition process, current is passed
through the receptacle. Due to tungsten’s electrical resistance, much of the current’s power is dis-
sipated as heat and light (just as for the tungsten filaments in classic incandescent light bulbs). This
heat is what evaporates the ZnSe and causes it to be deposited on to the substrate secured above it.

The deposition must also be performed in a high vacuum. Firstly, this ensures that the generated
vapor flux travels directly to the substrate uninhibited by collisions with other gas molecules and
this ensures that the deposited film is uniform. In addition, one can avoid the contamination of the
film by gases such as nitrogen and oxygen.
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1.4 Research Objective
As mentioned previously, the unit cell of the simplest Bragg mirror comprises two homoge-

neous layers of dissimilar materials. The relative permittivity dyadics [23] of the two materials
must differ in their eigenvalues and/or eigenvectors. But those differences may not be sufficient
for the Bragg phenomenon to be exhibited, as has been exemplified by Slepyan and Maksimenko
for the following case [26]. Let a Bragg mirror occupy the region 0 < z < NP , where N � 1,
P = 2L is the period of the unit cell, and L is the thickness of each of the two layers in the unit
cell. Furthermore, let the relative permittivity dyadics of the materials in the two layers be denoted
by

ε
1

= S
y
(χ) • εo

ref
•ST

y
(χ)

ε
2

= S
y
(π − χ) • εo

ref
•ST

y
(π − χ)

}
, (1.4)

where the dyadic
εo
ref

= εa
(
I − ûxûx

)
+ εbûxûx (1.5)

contains the eigenvalues εa and εb common to both ε
1

and ε
2
, I = ûxûx + ûyûy + ûzûz is the

identity dyadic, the dyadic

S
y
(ξ) = ûyûy + (ûxûx + ûzûz) cos ξ + (ûzûx − ûxûz) sin ξ (1.6)

indicates a rotation by an angle ξ about the y axis in the xz plane, and the superscript T denotes
the transpose. Equations (1.4) and (1.5) indicate that chosen Bragg mirror comprises two uniaxial
dielectric materials that are identical except that the optical axis of the first material is oriented
at an angle χ ∈ [0, π/2) with respect to the +x axis and the optical axis of the second material
is oriented at an angle π − χ with respect to the +x axis. The optical axes of both materials lie
wholly in the xz plane. Provided that the wave vector of the incident light is also wholly confined
to the xz plane, theory shows that no reflection or transmission can occur at the interface of the
two materials [26, 27], which implies the absence of the Bragg phenomenon [26].

The aim in this study was to verify that theoretical finding of Slepyan and Maksimenko [26].
For that purpose I fabricated a Bragg mirror made of N = 10 unit cells. As this fabrication was
accomplished using thermal evaporation [10, 25], a PVD technique, each layer was a CTF with
[9, 22]

εo
ref

= εbûxûx + εcûyûy + εaûzûz (1.7)

instead of Eq. (1.5). Thus both layers in the unit cell contained a biaxial dielectric material with
εa 6= εb 6= εc. In each period, the nanocolumns of the first CTF are oriented at an angle χ and
nanocolumns of the second CTF are oriented at an angle π − χ with respect to the interface of the
two CTFs. As the unit cell thus has a chevronic morphology, the Bragg mirror can be classified as a
chevronic sculptured thin film (ChevSTF) [25]. Furthermore, I performed optical characterization
experiments with the wave vector of the incident plane wave oriented arbitrarily with respect to
the xz plane. Thus, our experimental study was more general than the theoretical investigation of
Slepyan and Maksimenko [26]. A theoretical exercise with Eq. (1.7) was also performed in order
to qualitatively validate our experimental findings.

The plan of this paper is as follows: chapter 2 describes the experimental and theoretical tech-
niques which were adopted to investigate the optical response characteristics of ChevSTFs, whose
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cell comprises two CTFs described by Eqs. (1.4) and (1.7). chapter 3 presents our experimentally
obtained optical data which are compared qualitatively with the results of our theoretical exercise.
Finally, chapter 4 provides concluding remarks. An exp(−iωt) time-dependence is implicit, with
ω as the angular frequency, i =

√
−1, and t as time. The free-space wavenumber, the free-space

wavelength, and the intrinsic impedance of free space are denoted by k0 = ω
√
ε0µ0, λ0 = 2π/k0,

and η0 =
√
µ0/ε0, respectively, with µ0 and ε0 being the permeability and permittivity of free

space.
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Chapter 2

Methods
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2.1 Reflectances and Transmittances
The investigated problem can be theoretically formulated as follows. Suppose the region

0 < z < NP is occupied by a periodic multilayer of infinite transverse extent. The electric
and magnetic field phasors of the plane wave incident on the periodic multilayer from the half
space z < 0 are given by [25]

Einc(x, y, z) = (asŝ + app̂+) exp {ik0 [(x cosψ + y sinψ) sin θinc + z cos θinc]}
Hinc(x, y, z) = η−1

0 (asp̂+ − apŝ) exp {ik0 [(x cosψ + y sinψ) sin θinc + z cos θinc]}

}
,

z < 0 , (2.1)

where θinc ∈ [0◦, 90◦) is the angle of incidence with respect to the z axis, ψ ∈ [0◦, 360◦) is the
angle of incidence with respect to the x axis in the xy plane, as is the amplitude of the s-polarized
component of the plane wave, and ap is the amplitude of the p-polarized component of the plane
wave. Here and hereafter, the unit vectors

ŝ = −ûx sinψ + ûy cosψ

p̂± = ∓(ûx cosψ + ûy sinψ) cos θinc + ûz sin θinc

}
(2.2)

delineate the orientations of the field phasors.
The electric and magnetic field phasors of the reflected plane wave are given by [25]

Eref(x, y, z) = (rsŝ + rpp̂−) exp {ik0 [(x cosψ + y sinψ) sin θinc − z cos θinc]}
Href(x, y, z) = η−1

0 (rsp̂− − rpŝ) exp {ik0 [(x cosψ + y sinψ) sin θinc − z cos θinc]}

}
,

z < 0 , (2.3)

and the electric and magnetic field phasors of the transmitted plane wave by [25]

Etr(x, y, z) = (tsŝ + tpp̂+) exp {ik0 [(x cosψ + y sinψ) sin θinc + (z −NP ) cos θinc]}
Htr(x, y, z) = η−1

0 (tsp̂+ − tpŝ) exp {ik0 [(x cosψ + y sinψ) sin θinc + (z −NP ) cos θinc]}

}
,

z > NP . (2.4)

The reflection amplitudes rs and rp, as well as the transmission amplitudes ts and tp, have
to be determined in terms of the incidence amplitudes as and ap in order to find the reflection and
transmission coefficients that appear as the elements of the 2×2 matrixes in the following relations:[

rs
rp

]
=

[
rss rsp
rps rpp

] [
as
ap

]
,

[
ts
tp

]
=

[
tss tsp
tps tpp

] [
as
ap

]
. (2.5)

Co-polarized coefficients have both subscripts identical, but cross-polarized coefficients do not.
The square of the magnitude of a reflection or transmission coefficient is the corresponding re-
flectance or transmittance; thus, Rsp = |rsp|2 is the reflectance corresponding to the reflection
coefficient rsp, and so on. The principle of conservation of energy mandates the constraints
Rss + Rps + Tss + Tps ≤ 1 and Rpp + Rsp + Tpp + Tsp ≤ 1, the inequalities turning to equal-
ities only in the absence of dissipation in the region 0 < z < NP .
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2.2 Theory
More generally than is needed for a ChevSTF, let us use

ε
1

= S
y
(χ1) • (εb1ûxûx + εc1ûyûy + εa1ûzûz) •ST

y
(χ1)

ε
2

= S
y
(π − χ2) • (εb2ûxûx + εc2ûyûy + εa2ûzûz) •ST

y
(π − χ2)

}
(2.6)

for a periodic multilayer whose unit cell comprises two different CTFs. Furthermore, let L1 and
L2 = P − L1 be the two layer thicknesses.

After defining the phasors

e(z) = E(x, y, z) exp [−ik0 (x cosψ + y sinψ) sin θinc]

h(z) = H(x, y, z) exp [−ik0 (x cosψ + y sinψ) sin θinc]

}
, (2.7)

we find that wave propagation in the two CTFs is governed by the 4×4-matrix ordinary differential
equations [25]

d
dz

[f(z)] = i [P(χ1; εa1 , εb1 , εc1)] [f(z)]
d
dz

[f(z)] = i [P(π − χ2; εa2 , εb2 , εc2)] [f(z)]

}
, (2.8)

where the column 4-vector

[f(z)] = [ûx
• e(z) ûy

• e(z) ûx
•h(z) ûy

•h(z)]T (2.9)

and the 4×4 matrix

[P(ξ; εa, εb, εc)] = ω


0 0 0 µ0

0 0 −µ0 0
0 −ε0εc 0 0

ε0
εaεb

εa cos2 ξ+εb sin2 ξ
0 0



+ k0

(εa − εb) sin θinc
εa cos2 ξ + εb sin2 ξ

sin ξ cos ξ


cosψ 0 0 0
sinψ 0 0 0

0 0 0 0
0 0 − sinψ cosψ



+ ωµ0

sin2 θinc
εa cos2 ξ + εb sin2 ξ


0 0 cosψ sinψ − cos2 ψ
0 0 sin2 ψ − cosψ sinψ
0 0 0 0
0 0 0 0



+ ωε0 sin2 θinc


0 0 0 0
0 0 0 0

− cosψ sinψ cos2 ψ 0 0
− sin2 ψ cosψ sinψ 0 0

 . (2.10)

Accordingly,
[f(NP )] = [M] [f(0)] , (2.11)
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where the 4×4 matrix

[M] =
(

exp {i [P(π − χ2; εa2 , εb2 , εc2)]L2} exp {i [P(χ1; εa1 , εb1 , εc1)]L1}
)N

. (2.12)

Continuity requirements on the tangential components of the electric and magnetic fields across
the interfaces z = 0 and z = NP give rise to [25]

ts
tp
0
0

 = [K]−1 [M] [K]


as
ap
rs
rp

 , (2.13)

where the 4×4 matrix

[K] =


− sinψ − cosψ cos θinc − sinψ cosψ cos θinc
cosψ − sinψ cos θinc cosψ sinψ cos θinc

−η−1
0 cosψ cos θinc η−1

0 sinψ η−1
0 cosψ cos θinc η−1

0 sinψ
−η−1

0 sinψ cos θinc −η−1
0 cosψ η−1

0 sinψ cos θinc −η−1
0 cosψ

 . (2.14)

The solution of Eq. (2.13) provides the four reflection coefficients and the four transmission coef-
ficients defined in Eqs. (2.5).

When ψ = 0◦ and 0◦ ≤ θinc . 30◦, the center wavelength λBr0sm
of the Bragg regime of order

m is predicted to be [9, 28]

λBr0sm
=

2

m

(
L1
√
εc1 + L2

√
εc2
)

cos θinc, m ∈ {1, 2, 3, ...} , (2.15)

for s-polarized incidence. Likewise, the center wavelength λBr0pm
of the Bragg regime of order m is

predicted to be [9, 28]

λBr0pm
=

2

m

(
L1
√
εd1 + L2

√
εd2
)

cos θinc m ∈ {1, 2, 3, ...} , (2.16)

for p-polarized incidence, where

εdn = εanεbn
(
εan cos2 χn + εbn sin2 χn

)−1
, n ∈ {1, 2} . (2.17)

Equations (2.15) and (2.16) are predicated on the assumption that the constitutive scalars εan , etc.,
are frequency independent; otherwise, both equations transform from explicit to implicit equations
for the determination of the center wavelengths. One can increase or decrease the pitch by chang-
ing L1 or L2 accordingly, thereby increasing or decreasing the center wavelength of the Bragg
phenomenon.

2.3 Experimental Methods

2.3.1 Fabrication of periodic multilayers comprising CTFs
Each periodic multilayer was fabricated using thermal evaporation [29] implemented inside

a low-pressure chamber from Torr International (New Windsor, NY, USA). It contains a quartz
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crystal monitor (QCM) calibrated to measure the growing thin-film’s thickness, a receptacle to
hold the material to be evaporated, electrodes to resistively heat the receptacle, and a substrate
holder positioned about 15 cm above the receptacle. As the chamber was customized to grow
sculptured thin films [25], it contains two stepper motors to control the rotation of the substrate
holder about two mutually orthogonal axes.

99.995% pure ZnSe (Alfa Aesar, Ward Hill, MA, USA) was the material of choice due to its
high bulk index of refraction and low absorption in the visible spectral regime [30, 31], as well
as the ease of evaporation. The manufacturer supplied ZnSe lumps that were crushed into a fine
powder. A respirator was worn to avoid the toxic effects of ZnSe on the respiratory system [32].
Approximately 4.2 g of ZnSe powder was packed into a tungsten boat (S22-.005W, R. D. Mathis,
Long Beach, CA, USA) that served as the receptacle.

A pre-cleaned glass substrate (48300-0025, VWR, Radnor, PA, USA) was further cleaned in
an ethanol bath using an ultrasonicator for 10 min on each side. After removal from the bath,
the substrate was immediately dried with pressurized nitrogen gas. A straight line was marked
on the substrate to serve as the x axis. The substrate was secured to the substrate holder using
KaptonTM tape (S-14532, Uline, Pleasant Prairie, WI, USA), and a shutter was interposed between
the receptacle and the substrate holder. By the side of the glass substrate, a silicon wafer was
positioned in order to grow a sample for imaging on a scanning electron microscope.

The chamber was pumped down to 1 µTorr. The current was then slowly increased to∼ 100 A,
and the shutter was rotated to allow a collimated position of the ZnSe vapor to reach the substrate.
The deposition rate as read through the QCM was manually maintained equal to 0.4 ± 0.02 nm
s−1. After the deposition was complete, the shutter was rotated to prevent further deposition, the
current was brought back to 0 A, the chamber was allowed to cool down for 60 min, and was then
exposed to the atmosphere.

Each periodic multilayer was chosen to contain N = 10 unit cells. This required fabrication
to be done in two stages, with 5 unit cells deposited in each stage. By keeping the substrate
stationary for 387 s for the deposition of each CTF, the value of P was targeted to be 310 nm. The
substrate was rotated by 180◦ about a central normal axis passing through it in 0.406 s between
the depositions of any two consecutive CTFs. The collimated vapor was directed at an angle
χv1 ∈ (0◦, 90◦] with respect to the plane of the substrate to deposit the first CTF in each period, the
corresponding angle being χv2 ∈ (0◦, 90◦] for the second CTF in each period.

Two samples were fabricated:

• Sample A: χv1 = 20◦ and χv2 = 70◦ were chosen such that Eqs. (2.6) would hold in a way
that would allow the exhibition of the Bragg phenomenon. In consequence of χv1 6= χv2 ,
the expectation was that L1 6=L2 [9]. More general than a ChevSTF, Sample A should be a
Bragg mirror.

• Sample B: χv1 = χv2 = 20◦ were chosen. The equality of χv1 and χv2 would ensure that
Eqs. (1.4) and (1.7) hold, and, ideally, L1 = L2 is expected. Thus, Sample B should be a
ChevSTF.

Our choices of χv1 and χv2 for Samples A and B were guided by the measured relative permittiv-
ity dyadics of CTFs of three different materials [9, 33]. The QCM tooling factors were 184 for
Samples A and 273 for Sample B. The tooling factor for Sample A is the tooling factor for a film
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that has a weighted average of χv1 = 20◦ and χv1 = 70◦. Otherwise the tooling factor and current
would have needed adjustment mid-deposition, which would have been difficult to manage.

2.3.2 Optical Characterization
Transmittance and reflectance measurements for both Samples A and B were made no more

than 24 h after fabrication. Each sample was kept in a desiccator up until the time of characteriza-
tion in order to prevent degradation due to moisture adsorption.

The experimental setups for reflection and transmission measurements are described in detail
elsewhere [34]. Briefly, light from a halogen source (HL-2000, Ocean Optics, Dunedin, FL, USA)
was passed through a fiber-optic cable and then through a linear polarizer (GT10, ThorLabs, New-
ton, NJ, USA); it was either reflected from or transmitted through the sample to be characterized;
and was then passed through a second linear polarizer (GT10, ThorLabs) and a fiber-optic cable to a
CCD spectrometer (HRS-BD1-025, Mightex Systems, Pleasanton, CA, USA). The transmittances
Tss, Tps, Tpp, and Tsp were measured for θinc ∈ [0◦, 70◦] and ψ ∈ {0◦, 90◦}, and the reflectances
Rss, Rps, Rpp, and Rsp for θinc ∈ [10◦, 70◦] and ψ ∈ {0◦, 90◦}.

All data were taken in a dark room to avoid noise from external sources. First, the detector
measured the intensity Idark when the incident light was switched off, no sample was present, and
both polarizers had been removed. Then the intensity Is or Ip was measured by the detector with
no sample present, the first polarizer set to make the incident light either s or p polarized, and
the second polarizer set to pass light of the same linear polarization state. Then, the sample was
inserted, the second polarizer was set to make the detected light either s or p polarized, and the
intensity Ĩs or Ĩp was recorded. In this way, the measured value of Tsp was

Tsp =
Ĩs − Idark
Ip − Idark

, (2.18)

and similarly for the other seven reflectances and transmittances. These measurements were made
for λ0 ∈ [500, 900] nm.

2.3.3 Morphological Characterization
The cross-sectional morphologies of both Samples A and B were characterized using an FEI

NovaTM NanoSEM 630 (FEI, Hillsboro, OR, USA) field-emission scanning electron microscope.
To get a clear image of morphology away from any edge-growth effects, each sample was cleaved
using the freeze-fracture technique. This technique is delicate enough to preserve biological sam-
ples [35]. All samples were sputtered with iridium using a Quorum Emitech c© K575X (Quorum
Technologies, Ashford, Kent, United Kingdom) sputter coater before imaging.
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Chapter 3

Results
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3.1 Morphology
Figure 3.1 presents a cross-sectional scanning-electron micrograph of Sample A fabricated by

setting χv1 = 20◦ and χv2 = 70◦. Eight of the 10 unit cells are clearly evident with P ' 313 nm.
Whereas the nanocolumns in one of the two CTFs in a unit cell are inclined at 36.1◦ with respect
to the +x axis, those in the other CTF are inclined at 102.6◦ with respect to the +x axis. Thus,
the conditions set forth as Eqs. (2.6) are fulfilled with χ1 ' 36.1◦ and χ2 ' 77.4◦. Furthermore,
L1 ' 0.25P whereas L2 ' 0.75P , because χv1 differs from χv2 . Sample A is clearly not a
ChevSTF. Parenthetically, the inequalities χ1 > χv1 and χ2 > χv2 are in consonance with a
plethora of morphological data on CTFs [9, 36].

Figure 3.1: Cross-sectional scanning-electron micrograph of Sample A (fabricated with χv1 = 20◦

and χv2 = 70◦) on a silicon wafer on the left and a cross-sectional scanning-electron micrograph
of Sample B (fabricated with χv1 = χv2 = 20◦) on a silicon wafer on the right.

Figure 3.1 also presents a cross-sectional scanning-electron micrograph of Sample B fabricated
by setting χv1 = χv2 = 20◦. All 10 unit cells of this sample are clearly evident with P ' 308 nm
and L1 ' L2 ' P/2. Whereas the nanocolumns in one of the two CTFs in a unit cell are inclined
at 37.3◦ with respect to the +x axis, those in the other CTF are inclined at 142.8◦ with respect to
the +x axis. Thus, the conditions set forth as Eqs. (1.4) and (1.7) are fulfilled with χ ' 37.25◦,
and Sample B is a ChevSTF.

3.2 Theoretical Results
Experimental data on the relative permittivity dyadics of CTFs fabricated by evaporating ZnSe

are unavailable, but the data on the relative permittivity dyadics of CTFs fabricated by evapora-
tion of TiO2 are available [33]. The bulk refractive index of ZnSe is 2.5435 at λ0 = 700 nm
[37], whereas that of TiO2 is 2.5512 at the same wavelength [38]. The closeness of the two bulk
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refractive indexes allowed us to substitute ZnSe by TiO2 for theoretical calculations that can be
qualitatively compared with the experimental results.

For χv1 = 20◦, data derived from optical-characterization experiments on CTFs of TiO2 at
λ0 = 633 nm [33] are as follows: χ1 = 46.367◦, εa1 = 2.5135 εb1 = 3.9428, and εc1 = 3.1525.
Likewise, for χv2 = 70◦, data derived from the same optical experiments are as follows: χ2 =
82.802◦, εa2 = 5.5054, εb2 = 5.8581, and εc2 = 5.5785. For a Bragg mirror comprising TiO2

CTFs with χv1 = 20◦, χv2 = 70◦, L1 = 77.5 nm, and L2 = 232.5 nm (similar to Sample A),
Eqs. (2.15) and (2.16) yield λBr0s2

= 686.74 nm and λBr0p2
= 680.87 nm when θinc = ψ = 0◦. For

a ChevSTF comprising TiO2 CTFs with χv1 = χv2 = 20◦ and L1 = L2 = 155 nm (similar to
Sample B), λBr0s2

= 550.41 nm and λBr0p2
= 540.32 nm when θinc = ψ = 0◦, according to Eqs. (2.15)

and (2.16).

3.2.1 Bragg mirror
In order to present the characteristic features of the Bragg phenomenon, let us begin with

the spectrums of all eight remittances calculated for the Bragg mirror comprising TiO2 CTFs
χv1 = 20◦, χv2 = 70◦, L1 = 77.5 nm, and L2 = 232.5 nm (corresponding to Sample A). These
remittances are presented as functions of λ0 ∈ [400, 1000] nm and θinc ∈ [0◦, 90◦) in Fig. 3.2 for
ψ = 0◦ and in Fig. 3.3 for ψ = 90◦. For all calculations N = 30 was chosen in order to ensure that
the Bragg phenomenon is manifested well [12, 39].

Figure 3.2: Density plots of all four reflectances and all four transmittances calculated as functions
of λ0 and θinc for a Bragg mirror comprising TiO2 CTFs with χv1 = 20◦, χv2 = 70◦, L1 = 77.5 nm,
and L2 = 232.5 nm (similar to Sample A), when ψ = 0◦. All calculations were made withN = 30.

Evidence of the Bragg phenomenon of order m ∈ {2, 3} is easy to find in Fig. 3.2. This be-
comes clear on comparison with the predictions λBr0s2

= 686.74 nm, λBr0p2
= 680.87 nm, λBr0s3

=

457.83 nm, and λBr0p3
= 453.91 nm, of Eqs. (2.15) and (2.16) for θinc = ψ = 0◦. The high-

reflectance band of order m ∈ {2, 3} in the plot of Rss is slightly redshifted from the high-
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reflectance band of order m ∈ {2, 3} in the plot of Rpp. Furthermore, the Bragg regime of or-
der m ∈ {2, 3} is blueshifted with increase in θinc. Both high-reflectance bands are mirrored by
low-transmittance bands in the plots of Tss and Tpp.

With λBr0s1
= 1373.48 nm and λBr0p1

= 1361.74 nm predicted by Eqs. (2.15) and (2.16), evidence
of the Bragg phenomenon of orderm = 1 is absent from Fig. 3.2. This is not surprising because the
plots in this figure were drawn for only λ0 ∈ [400, 1000] nm. By direct computation, the existence
of high-reflectance bands was verified in the plots of Rss and Rpp, as well as of low-transmittance
bands in the plots of Tss and Tpp, that signify the existence of the Bragg phenomenon for m = 1.

Figure 3.3: Same as Fig. 3.2, except that ψ = 90◦.

Although no convenient formula is available to predict the center wavelengths forψ ∈ (0◦, 180◦),
comparison of Figs. 3.2 and 3.3 suffices to convince that the latter also provides evidence of the
Bragg phenomenon of order m ∈ {2, 3}. The spectral characteristics of the high-reflectance bands
in the plots of Rss and Rpp in Fig. 3.3 are the same as in Fig. 3.2. Similar characteristics were
found for several values of ψ /∈ {0◦, 90◦} (data not presented here).

3.2.2 Chevronic STF
Next, let us present the spectrums of all eight remittances calculated for a ChevSTF comprising

TiO2 CTFs with χv1 = χv2 = 20◦ and L1 = L2 = 155 nm (similar to Sample B). Figure 3.4
presents these remittances as functions of λ0 ∈ [400, 1000] nm and θinc ∈ [0◦, 90◦) when ψ = 0◦.
Although λBr0s2

= 550.41 nm and λBr0p2
= 540.32 nm when θinc = ψ = 0◦, according to Eqs. (2.15)

and (2.16), no evidence of the Bragg phenomenon of order m = 2 exists in Fig. 3.4. Furthermore,
although λBr0s1

= 1100.82 nm, λBr0p1
= 1080.64 nm, λBr0s3

= 366.94 nm, and λBr0p3
= 360.21 nm are

predicted by Eqs. (2.15) and (2.16) for θinc = ψ = 0◦, it has been verified by direct calculation that
the Bragg phenomenon of order m ∈ {1, 3} is also not manifested for the chosen chevronic STF.
This is evident from the plot of Rpp in Fig. 3.5 for λ0 ∈ [400, 1200] nm and θinc ∈ [0◦, 90◦).
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Figure 3.4: Density plots of all four reflectances and all four transmittances calculated as functions
of λ0 and θinc for a ChevSTF comprising TiO2 CTFs with χv1 = χv2 = 20◦ and L1 = L2 = 155 nm
(similar to Sample B), when ψ = 0◦. All calculations were made with N = 30.

Figure 3.5: Density plot of Rpp calculated as a function of λ0 and θinc for a ChevSTF comprising
TiO2 CTFs with χv1 = χv2 = 20◦ and L1 = L2 = 155 nm (similar to Sample B), when ψ = 0◦.

For ψ = 90◦, the situation changes somewhat. In Fig. 3.6, the Bragg phenomenon of order
m = 2 is present in the plots of Rss, Rpp, Tss, and Tpp. But this existence is vestigial at best, as it is
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evident in very narrow spectral regimes and that too only for θinc & 40◦. The same characteristic
holds true for the Bragg phenomenon of order m ∈ {3, 4, 5}, as exemplified by Fig. 3.7.

Figure 3.6: Same as Fig. 3.4, except that ψ = 90◦.

Figure 3.7: Same as Fig. 3.5, except that ψ = 90◦.

The situation is somewhat different for the Bragg phenomenon of order m = 1. High-
reflectance bands exist in the plots of Rps and Rss for θinc & 20◦, indicating that reflection is
accompanied by a rotation of the vibration ellipse by angles close to ±85◦. In other words, the
Bragg phenomenon is accompanied by significant polarization conversion, but even that is not
manifested for normal and near-normal incidences.
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The foregoing conclusions from examination of computed data can be explained through Eqs. (2.10)
and (2.12). For normal incidence, the matrix [P(ξ; εa, εb, εc)] simplifies to yield

[P(χ; εa, εb, εc)]

∣∣∣∣∣
θinc=0

= [P(π − χ; εa, εb, εc)]

∣∣∣∣∣
θinc=0

= ω


0 0 0 µ0

0 0 −µ0 0
0 −ε0εc 0 0

ε0
εaεb

εa cos2 χ+εb sin2 χ
0 0

 . (3.1)

Then, both CTFs in the unit cell of a ChevSTF are electromagnetically identical and the structural
periodicity of the ChevSTF does not translate into electromagnetic periodicity. Accordingly, the
Bragg phenomenon cannot be exhibited for θinc = 0◦.

As θinc increases, first the second term and then the third and fourth terms on the right side of
Eq. (2.10) become increasingly consequential. Therefore, [P(χ; εa, εb, εc)] begins to differ from
[p̂(π − χ; εa, εb, εc)], but the difference

[P(χ; εa, εb, εc)]− [P(π − χ; εa, εb, εc)]

= 2k0

(εa − εb) sin θinc
εa cos2 χ+ εb sin2 χ

sinχ cosχ


cosψ 0 0 0
sinψ 0 0 0

0 0 0 0
0 0 − sinψ cosψ

 (3.2)

stems only from the second term on the right side of Eq. (2.10). Hence, the Bragg phenomenon
would very weakly exhibited for near-normal incidence. For more appreciable exhibition, θinc
would have to exceed some threshold value that depends not only on the values of εa,b,c and χ
but also of ψ. Equation (2.10) also indicates that polarization conversion is not possible when
sinψ = 0 [25].

3.3 Experimental Results

3.3.1 Bragg mirror
Following Sec. 3.2, let us begin with the measured spectrums of all eight remittances of Sam-

ple A, which is expected to perform as a Bragg mirror. Figure 3.8 presents the reflectances as func-
tions of θinc ∈ [10◦, 70◦] and transmittances as functions of θinc ∈ [0◦, 70◦] for λ0 ∈ [500, 900] nm
when ψ = 0◦. As predicted in Sec. 3.2, the Bragg phenomenon of order m = 2 is evident as a
high-reflectance band each in the plots of Rss and Rpp and as a low-transmittance band each in
the plots of Tss and Tpp. Let us note Rss exceeds Rpp in the high-reflectance band, especially as
θinc increases. The center wavelengths λBr0s2

and λBr0p2
for θinc = 0◦ nearly overlap at approximately

700 nm and 695 nm, respectively, in the plots of Tss and Tpp. The Bragg phenomenon of order
m 6= 2 lies outside the spectral range of our apparatus.
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Figure 3.8: Density plots of all four reflectances and all four transmittances measured as functions
of λ0 and θinc for Sample A (see Fig. 3.1) when ψ = 0◦.

Figure 3.9 presents the measured remittances of Sample A when ψ = 90◦. Again, the Bragg
phenomenon of order m = 2 is evident in the plots of Rss, Rpp, Tss, and Tpp. The center wave-
lengths are λBr0s2

= 710 nm and λBr0p2
= 720 nm for θinc = 10◦ are somewhat redshifted with respect

to those for ψ = 0◦ in Fig. 3.8, in contrast to the slight blueshifts suggested by the theoretical
results presented in Figs. 3.2 and 3.3.

Figure 3.9: Same as Fig. 3.8, except that ψ = 90◦.
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3.3.2 Chevronic STF
Finally, the spectrums of all eight remittances measured for Sample B, which is a ChevSTF,

are presented. Figure 3.10 presents these remittances as functions of λ0 ∈ [500, 900] nm and
θinc ≤ 70◦ when ψ = 0◦, and Fig. 3.11 for ψ = 90◦. Consistently with the theoretical predictions
illustrated in Figs. 3.4 and 3.5, no evidence of the Bragg phenomenon exists for ψ = 0◦ in Fig. 3.8.
Even the vestigial Bragg phenomenon of order m = 2 predicted in Figs. 3.6 and 3.7 for highly
oblique incidence and ψ = 90◦ is absent in Fig. 3.11. The remittances for θinc > 70◦ could not be
measured in order to experimentally investigate the vestigial Bragg phenomenon of order m = 1,
due to the limitations of our apparatus.

Figure 3.10: Density plots of all four reflectances and all four transmittances measured as functions
of λ0 and θinc for Sample B (see Fig. 3.1) when ψ = 0◦.



27

Figure 3.11: Same as Fig. 3.10, except that ψ = 90◦.
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Chapter 4

Conclusion
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The unit cell of a chevronic sculptured thin film comprises two identical columnar thin films
(CTFs) except that the nanocolumns of the first are oriented at an angle χ and nanocolumns of the
second are oriented at an angle π− χ with respect to the interface of the two CTFs. A CTF can be
modeled as a homogeneous biaxial dielectric material for optical purposes [9]. Thus, a ChevSTF
is a structurally periodic piecewise nonhomogeneous material.

Despite its structural periodicity, it was determined that a ChevSTF does not exhibit the Bragg
phenomenon when the wave vector of the incident plane wave lies wholly in the plane formed by
the axes of the nanocolumns of the two CTFs (i.e., when ψ = 0◦). This conclusion was established
both theoretically and experimentally, regardless of the polarization state of the incident plane
wave.

Theory indicated a vestigial manifestation of the Bragg phenomenon for highly oblique inci-
dence when when the wave vector of the incident plane wave is oriented at an angle ψ ∈ (0◦, 180◦)
with respect to the plane formed by the axes of the nanocolumns of the two CTFs. Over the limited
ranges of the free-space wavelength and the angle of incidence θinc of our apparatus, even that
vestigial manifestation was not observed. Thus, it has been concluded that the Bragg phenomenon
would not be observed if structural periodicity does not lead to appreciable electromagnetic peri-
odicity.
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