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Abstract

The demand to remove reflections from surfaces has been a topic of interest for

many decades. Accordingly, many methods and techniques have been exploited

to achieve the optimum design, which is to impart no reflections at any angle

of incidence. As of today, many of these optimized designs still succumb

to losses from either polarization sensitivity, incident angles of dependence,

narrow-banded, absorbance, and optical phenomenons such as diffraction or

scattering.

Moth-eye anti-reflection coatings (ARCs) of sub-wavelength structures

(SWSs) have been investigated to a great extent to achieve anti-reflection

characteristics. This technique is more omnidirectional, broadband, and less

sensitive to the polarization of light than the older generation of ARCs using

quarter-wave thin films.

This thesis introduces a new procedure for designing a two-dimensional

anti-reflective (AR) surface of SWSs by a method, pertaining to a series of

formulas, to predetermine the bandwidth of these filters by determining the

dimensions of the structure itself or vice versa, the bandwidth of the spectrum

selects the profile of the structure. These formulas automatically produce

the optimized AR surface concerning the broadest bandwidth and minimum

reflection loss. The distinction between tapered and non-tapered SWSs is

also discussed, along with each SWS’s purpose, including separate methods of
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design for either profile. As a result, an AR surface of multi-level SWSs for

a bandpass filter is calculated, simulated, fabricated, and measured. These

two-dimensional structures in periodic arrays were fabricated by femtosecond

laser processing in order to achieve a high aspect ratio and greater mechanical

strength. The microstructure has a 175 µm pitch and 188 µm height giving

an aspect ratio of 1.07. The design guideline’s calculations agree well with

the simulated results for tapered and non-tapered structures. The impact of

this work is a simpler and quicker method for developing AR surfaces using

subwavelength structures.
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Chapter 1

Introduction

1.1 Motivation

The incentive for this work is to provide anti-reflective technology that is

designed to bring forth optimized results decided by the method of filtering

the spectrum. For instance, a bandpass filter with a narrow passband is

accomplished with non-tapered sub-wavelength structures and a bandpass filter

with a wide passband is achieved with tapered sub-wavelength structures. New

guidelines are introduced to design these filters with a system comprised of

formulae. Both filters can be designed based on a chosen bandwidth or by

selecting the dimensions of the structure itself. Anti-reflective coatings are

typically not referred to as filters since the main concern is to keep a surface

from being reflective. When the surface is made not only to be anti-reflective for

a certain wavelength spectrum, but also to transmit the selected wavelengths,

then the coating can be considered as a filter.

Scientists at the National Aeronautics and Space Administration’s (NASA’s)

Goddard Space Flight Center (GSFC) developed the High-Resolution Mid-

Infrared Spectrometer (HIRMES)—a 2.5m-diameter telescope that can capture

emissions from space. HIRMES is able to gain access to wavelengths that
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are challenging to ground-based instruments, such as the infrared (IR) spec-

trum. NASA’s Stratospheric Observatory for Infrared Astronomy (SOFIA)

is a Boeing 747SP that is able to fly above ∼ 95% of the water vapor in the

Earth’s atmosphere giving HIRMES access to this radiation from space en-

abling our further comprehension of the cosmos [1]. This gives the opportunity

for anti-reflection coatings (ARCs) to be employed to increase the amount of

information gathered for astronomers to further evaluate our universe. Fu-

ture space systems will require ever more anti-reflective surfaces to capture

a greater spectrum of radiation from space. Anti-reflective (AR) surfaces of

sub-wavelength structures (SWSs) enable more of the radiation to be received

instead of reflected. Therefore more information can be analyzed instead of

being suppressed by the loss of optical components without this technology.

Figure 1.1(a) demonstrates how light interacts with a typical surface and

figure 1.1(b) shows how an ARC of SWSs interacts with wavelengths of light

relative to its dimensions.

NASA needs a window on SOFIA that is highly efficient at capturing and

Figure 1.1: (Left) How light interacts with a typical transparent surface. (Right)
Example of an AR surface of SWSs etched onto the surface of the substrate
which captures light at normal incidence through multiple internal reflections.
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transmitting the weak radiation from space. Since SOFIA is an observatory

involved with spectroscopy, the window needs to contribute very little loss and

operate over a wide bandwidth. The current state of the art literature has

difficulty satisfying these conditions. In order to accomplish this, the window

will have a SWS surface. This window, with multi-level SWSs, will produce a

broadband filter by capturing the radiation from space with multiple internal

reflections, which in turn will reduce the loss from reflectivity, which a typical

surface has. With the window now capturing incoming wavelengths and guiding

these weak signals, wavelengths may now be captured that otherwise would

have been lost. In this thesis, a new design process is contrived that enables a

more direct path for creating an AR surface that is a low loss broadband filter.

1.2 Outline of the Thesis

The principal focus of this thesis is the contrivance of filtering equations for the

design and filtering theory of the anti-reflective technology with sub-wavelength

structures. Chapter 1 gives the complete history of the various methods of anti-

reflective technology for further understanding and the foundational concepts

for complete comprehension. The fundamentals of optics are explained because

of the many optical phenomenons that occur with anti-reflective surfaces. The

full history of the differing methods for obtaining anti-reflective surfaces is

provided.

Chapter 2 discusses the filtering fundamentals of anti-reflective technology

in order to provide insight into certain considerations and trade-offs. Design

concerns are also discussed on the strategy and implementation of the anti-

reflective sub-wavelength structures.

Chapter 3 introduces the theory in designing anti-reflective sub-wavelength
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structures. The origins of the theory are explained so that the derived equations

or guidelines are understood clearly. The process of developing equations for

choosing a wavelength spectrum to filter is performed for both tapered and

non-tapered structures.

Chapter 4 demonstrates the design and implementation of an anti-reflective

sub-wavelength structure to filter a certain wavelength spectrum. The derived

filtering equations are utilized for verification for tapered and non-tapered

structures. The filters are modeled and simulated in ANSYS High-Frequency

Structure Simulator (HFSS).

Chapter 5 covers the fabrication process for developing the multi-level

microstructures using a femtosecond laser. The femtosecond laser equipment

setup is explained. The advantages of using a femtosecond laser such as

profile control mentioned and the disadvantages such as the thermal effect are

discussed.

Chapter 6 gives a detailed analysis of the measurement system which is

the Bruker IFS 125HR spectrometer. Every compartment within the system

is examined and it’s purpose described. All of the components in the optical

path of the Bruker IFS 125Hr are shown. Chapter 7 concludes the thesis with

a summary and explores what future considerations should be taken.

1.3 Background, Concepts, and Related Research

The anti-reflective technology is complex enough that brief elucidations on

various subjects are needed to provide a firm understanding of this topic.

Background on the type of technology that this subject matter falls under,

a filter, is given. The fundamentals of optics are described to comprehend

how the device operates. The history of the technology is delivered to give
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further clarification, since concepts from differing types of devices are constantly

referred to.

1.3.1 Explanation of Filters

This technology is about filtering a certain bandwidth of wavelengths from the

electromagnetic spectrum of radiation and the concept of what a filter is, first

needs to be explained. The electric filter was invented by G. A. Campbell of the

American Telephone and Telegraph Company for radio and wire long-distance

communication. It consisted of condensers and coils that were joined in such a

manner that only allowed alternating currents of selected frequencies to pass

and attenuated other currents with undesired frequencies. The most prevalent

filters are the low pass, high pass, bandstop, and bandpass filters. The low pass

filter allows the lower frequencies and attenuates the higher frequencies after

a selected cutoff frequency. The high pass filter passes the higher frequencies

above the cutoff and attenuates the lower frequencies. The bandpass filter

passes all the frequencies between the upper and lower cutoff frequencies and

attenuates the frequencies beyond this bandwidth, lastly, a bandstop filter

does the exact opposite of the bandpass filter. The electric filter is used to

pass frequencies in a chosen frequency range in the electromagnetic spectrum

and inhibit undesired currents from flowing into a circuit [2]. As the years

progressed, filters started to have entirely different designs but had nearly the

same results. Dr. G. A. Campbell discovered electric wave filters and the

field has matured bringing forth many different physical configurations while

still performing the filtering process. A theory connecting all these different

configurations has not been developed [3]. For electrical engineers, filters either

physical or digital became known to remove the undesired frequencies from the
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signal and select the frequencies transmitted in the passband.

1.3.2 Basic Concepts of Optics

The fundamentals of optical phenomenons should be explained next since

this is how the ARC’s capture desired wavelengths. Reflection is an optical

phenomenon that occurs when light is traveling in a medium and comes into

contact with another that has a different refractive index. The refractive

index (n) is defined by the speed of light in a medium with respect to light in

a vacuum and the medium, such as air or glass, is represented optically by the

refractive index. The fundamental numerical model of refraction, reflection,

and the angle of incidence is described by the Fresnel equation. Reflectance (R)

is the measurement of the fragment of incident light reflected at the interface

and transmittance (T ) measures the rest of the fraction of light that is refracted

(transmitted), according to Augustin-Jean Fresnel [4].

Reflection occurs when the propagation direction of light changes within the

same medium but refraction is light entering a medium with a different index of

refraction and the phase will change if the medium has a higher or lower index

of refraction. Interference is the light interacting with itself from reflection

or refraction, and depending on their phases, it can be either constructive or

destructive. Constructive interference can cause higher orders of diffraction,

due to the phases being aligned, increasing the amplitude of the signal and

destructive interference can even cancel reflections, from the phases being

completely out of phase, reducing the amplitude. Dispersion is the wavelengths

of light traveling through the same medium at different speeds.

When light refracts into a medium, and the wavelengths are smaller than

the structure, then light can reflect in such a manner causing constructive
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interference, this is known as resonance. Diffraction is usually referring to how

light behaves (travels) around a structure when the structure’s dimensions are

equivalent to the wavelength of light, causing the light to interfere with itself.

A coherent beam of light travels in a single propagation direction. Scattering

is the coherent beam of light splitting into many different propagation paths

from interacting with an object.

The polarization of light is referring to the electric and magnetic waves

of the beam of radiation, which are perpendicular to each other. Transverse

Electric (TE) waves, also known as s-polarization, is when the electric field

is normal to the propagation direction while the magnetic field follows the

propagation direction. Transverse Magnetic (TM) is the dual of TE, meaning

the magnetic field is transverse to the propagation direction and is commonly

referred to as p-polarization.

The angle at which light propagates in a certain direction is known as the

angle of incidence. When a light source is directly perpendicular to the surface,

this is known as normal or perpendicular incidence (0◦). When the light source

is parallel with the surface, this is an oblique angle of incidence at 90◦. The

Brewster angle is the angle of incidence in which the TM polarization of light

will be completely refracted into a medium. The critical angle is the angle of

incidence in which all light is reflected.

1.3.3 Anti-Reflective Coatings from Past to Present

The concept of anti-reflective coatings was fortuitously discovered in the 19th

century by John Strutt (Lord Rayleigh) while analyzing the tarnishing on

glass and realizing the increased transmittance of light instead of it being

diminished. The method of acquiring anti-reflectivity by gradually changing
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the refractive index was found by this observation [4]. Structures that have a

graded refractive index (GRIN) is a medium where it’s refractive index (RI)

gradually transitions from unity (nair = 1) to the substrate (ns). Naturally

transpiring gradient-index lenses that develop in nature include an immense

spatial resolution for the eyes of an eagle, antelope have a wide field of vision,

and human’s minimize aberration [4]. The effectiveness of GRIN structures

comes from the fact that the gradual change in density of the medium causes

less reflection from the smooth transition of the RI which causes the ray of light

to bend progressively (Rayleigh effect). Matching the refractive index at the

air-substrate interface is unattainable when acquiring unity. This is technically

labeled optical impedance matching, a critical task, when equalizing the index

at the interface, and is very challenging to gradually lower the refractive index

from the air to the substrate [4]. This technique is most commonly achieved

by making the medium porous. This then raises concern for the mechanical

strength of the substrate.

Over the years, ARCs using thin films with a quarter-wave thickness became

the next method to anti-reflection based on interference. The thickness of the

film is determined by the wavelength of interest to be filtered. These filters

can also be stacked to form multi-layer quarter-wave ARCs with the layers

generally increasing to the substrate’s RI. These ARCs are more broadband

and the effectiveness is increased with more layers.

The final method of achieving anti-reflection on a surface is the use of ARCs

with SWSs. The ARCs with patterned or textured mediums were influenced by

a moth’s eye. Imitating the best designs from nature has been a global research

priority recently and this has brought about a new development in science - a

branch called biomimetics [4]. SWSs have dimensions that are smaller than
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the wavelength of interest to be filtered. These structures are usually tapered

to guide the light into the substrate at incident angles.

As seen in figure 1.2, all ARC’s can be grouped into two different classifi-

cations: ARC’s consisting of homogeneous layers and inhomogeneous layers.

Homogeneous layers are layers with a RI that is constant within that layer.

Inhomogeneous layers consist of a RI that usually varies toward the substrate.

Figure 1.2(a) is an example of a quarter-wave thin film ARC and figure 1.2(c)

is an example of a multi-layer thin film ARC. Figure 1.2(b) can be considered

a porous thin film or an ARC with SWSs. If the wavelength being filtered is

not relative to the SWS’s dimensions then it might be considered a porous thin

film acting as a homogeneous layer. This film has an effective RI, due to the

fact that the film has been partially etched away, allowing more of the light to

pass into the substrate, since the film is less dense, which causes light to see

an effectively lower index, even though the index of the film remains the same.

Figure 1.2: Various ARCs above the substrate and corresponding RI profiles.
Homogeneous ARCs: (a) single-layer, (b) patterned and (c) multi-layer; and
inhomogeneous ARCs: (d) single-layer, (e) patterned and (f) complex (from [4]).
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Reflection increases with a greater gap between the RI of one medium to the

next. This is why the method shown in figure 1.2(d) is so effective because the

abrupt interface is removed. This can be accomplished by a chemical etching

process making the film’s porosity gradually lessen to the substrate. This

has also been accomplished by using the method of multi-layer ARCs. Fig-

ure 1.2(e) guides the light to the substrate with tapered structures that have

sub-wavelength dimensions. Even though the structure’s RI is homogeneous,

the gradual etching of the structure gives it an effective RI seen by light.

Figure 1.3 depicts the areas and effects that anti-reflective coatings have,

which may be implemented in a variety of optical contrivances such as lenses,

eye-glasses, military equipment, lasers, mirrors, solar cells, diodes, multipurpose

narrow and broad bandpass filters, cathode ray tubes, television screens, sensors

for aeronautical applications, cameras, window glasses and anti-glare glasses

for automotive applications, a never-ending list [4].

Electrical engineers have benefited from anechoic chambers for decades by

being able to test equipment such as antennas and even entire radar systems.

Anechoic chambers typically minimize microwave (wavelengths ranging from

centimeters to millimeters) reflections using arrays of moth-eye structures

(MESs). These chambers allow numerous objects to be submitted under

radiation, since the interference from the radiation ricocheting off the walls is

Figure 1.3: (a) Notice the improved pellucidity on the left from an ARC. (b) (1)
is normal glass and (2) are porous anti-reflective sections. (c) ARCs reducing
the glare on both eyeglasses and automobile lenses (from [4]).
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diminished, their radar reflections can be recorded. Silicon (Si) based ARCs

have been reported even in space exploration and the aerospace industry which

demonstrates the importance and how diverse this technology can be [4].

1.4 Research Objective

In this thesis, a practically omni-directional broadband anti-reflective multi-

level sub-wavelength structure is designed. The tapered structures guide the

light up to oblique angles of incidence giving its quasi-omnidirectionality. Since

the SWS is two-dimensional, it has polarization insensitivity. The spectrum of

wavelengths that are anti-reflective depends upon the aspect ratio, which is the

height divided by the pitch of the SWS. Since the aspect ratio is approximately

1, this gives a broadband bandpass filter. Several design guidelines are provided

to expedite the design process with minimal tuning and dimension scaling. In

this thesis, a 0.35 to 0.5 Terahertz (THz) bandpass filter is designed, fabricated,

and measured to verify the technology.
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Chapter 2

Anti-Reflective Surfaces Filtering Fundamentals

2.1 ARCs Using SWSs Filtering Fundamentals

There are many different methods and techniques for fabricating the MESs,

some are more flexible than others. Many of the following techniques were

studied to simply gain knowledge on the subject, AR surfaces that were

fabricated by femtosecond laser [5]–[11]; milling [12]–[14]; imprinting [15],

[16]; deposition [17], [18]; different methods of chemical etching [19]–[30];

theory and simulation [31]–[43]. The femtosecond laser is a simpler fabrication

process because it requires fewer manufacturing steps, such as in chemical

etching, which requires laying a mask, applying radiation, and the chemical

for instance. The femtosecond laser can also reach greater depths faster than

some of the chemical methods.

The discovery of moth-eye structures from a nocturnal moth has been

studied immensely since 1967 [28]. Figure 2.1 indicates that the dimensions

of the SWSs are critical to the selection of wavelengths desired to be filtered.

Once the SWS’s dimensions become larger than the wavelength of light incident

upon it, optical phenomenons such as reflection, scattering, diffraction, and

resonance occur after being absorbed partially by the structure, an example
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Figure 2.1: (a) Reflection occurs when light interacts with a macro-structure;
(b) Rayleigh effect happens when the structures have comparable dimensions
giving a GRIN surface; (c) In actuality, light experiences multiple internal
reflections (from [4]).

of reflection is shown in figure 2.1(a). The reason MESs are so effective is

from the structures being tapered guiding the light with multiple internal

reflections toward the substrate as demonstrated in figure 2.1(c). As light with

dimensions greater than the structures comes into contact with the surface,

figure 2.1(b), the tapered structures gives the surface a gradient RI profile

invoking the radiation to have a Rayleigh effect [4]. The following sections will

discuss how AR surfaces using SWSs are able to be polarization-insensitive,

quasi-omnidirectional, and broadband.

2.1.1 Polarization Sensitivity of SWS’s

The polarization sensitivity for anti-reflective structures (ARSs) largely depends

on the dimensions of the MES. The transmittance and reflectance are the same

for TM and TE polarizations at normal incidence because the structures have

equal periods in both x and y directions [12]. Figure 2.2 shows a 1-dimensional

13



Figure 2.2: (Left) SEM (Scanning Electron Microscope) image of periodic
tapered structures with a depth = 90 and pitch = 51 µm which are one
dimensional and fabricated by femtosecond laser processing. (Right) TE and
TM polarizations are represented by the theoretical and measured power
reflectance for structures with a depth = 50 and pitch = 25 µm. A Si exterior
with no grating structures has a reflection coefficient of 0.3 which is what the
reflectance is normalized by (from [5]).

(1D) MES that is able to filter the TM polarization of light and to some extent

TE polarization since the surface may be considered porous. This is due to the

dimensions of the MES. This phenomenon regarding the results shown here is

inherent to nature when light interacts with a surface. Figure 2.3 depicts the

results for a 2-dimensional (2D) structure and its polarization insensitivity.

Figure 2.3: (a) Example of a 2D MES (from [11]). (b) 2D sub-wavelength
gratings with depth d = 30 and period Λ = 15 µm with calculated reflectance
at normal incidence for TM and TE polarizations with n = 1.5 (from [12]).
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At greater angles of incidence, even the 2D ARSs start to show some

dependence. This may be due to the grazing and Brewster angles which also

affect omnidirectionality. Figure 2.4 shows a contour plot of both TE and

TM polarizations on an AR surface of SWSs. The exceptional transmittance

in figure 2.4(a) may come from the Brewster angle known for TM polarized

light. Notice the wavelength dependence for both polarizations. This might be

due to the ARSs being wavelength-dependent, therefore, the results also will

be. As the angle of incidence increases to more oblique angles, the wavelength

dependence starts to disappear which might be due to the grazing angles. At

these angles, typically greater than 60◦, the reflectance value starts to quickly

increase. Even though the Brewster angle affects the TM polarization so

greatly, this may be negligible by observing figure 2.4(b), at 60◦ the reflectance

is about 1%. It can be seen at oblique angles of incidence there is polarization

splitting.

Figure 2.4: A log scale is provided to emphasize the variation of the reflectance
characteristics of polarized light interacting with a parabolic SWS’s surface
which have a depth of d = 550 and pitch of Λ = 100 nm covering the lambda-
theta space which ranges from 350 to 1200 nm and angles of incidence ranging
from 0◦ to 90◦. Surface reflectance for (a) TM polarized light and (b) TE
polarized light (from [34]).
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2.1.2 Omni-Directionality of SWS’s

The research into the MES’s shape has revealed that the dimensions of the

structure will determine whether the filter will be relatively omnidirectional.

Figure 2.5 demonstrates the more tapered the structure is the more AR the

surface will be at normal incidence. If tapered structures have this effect

at normal incidence then at oblique angles the tapered structures should be

less omnidirectional. Judging the trend of the tapered shapes and their anti-

reflectivity, conical structures such as a pyramid should be more effective at

incident angles than the moth-eye structure. The paraboloid is the easiest

profile to fabricate in addition to being the most mechanically robust but

yields worse ideal AR characteristics than the cone, it will therefore be more

likely to be a more acceptable AR surface using a paraboloid SWG (sub-

wavelength grating) for space operations [34]. Pyramid type structures are also

mentioned in [4] which enable numerous internal reflections since the planes

of the structure keep the greatest proportion of light in optical captivity by

ensuring the incident angle is at a grazing angle.

Figure 2.5: Nano-structured glass having dimensions of 100 nm with varying
forms that are a function of wavelength with the calculated reflectance at
normal incidence (from [29]).
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Figure 2.6: (a) MgF2 ARC, a conventional thin film; profiles with dimensions
of depth d = 550 and pitch Λ = 100 nm for defined structures of SWG AR
surfaces of (b) conical, and (c) parabolic. Contour plots of the transmittance
ratio between various AR methods and bare cover glass under the illumination
of oblique angles of incidence and unpolarized radiation (from [34]).

Figure 2.6 shows the transmittance of wavelengths for solar cells mounted

to nano-satellites. These plots show that SWS’s are more omnidirectional than

conventional thin-film ARCs and the moth-eye parabolic structure increased

the transmittance at more oblique angles than the conical pyramid structure.

Notice the wavelength dependence again, the high transmittance at those

wavelengths are close to the dimensions of the ARS. This leads to non-tapered

structures and their omnidirectionality.

The cylindrical pillars’ performance is greater than multi-layer thin film

conventional methods, and to moth-eye structures, which are known to need

enormously great heights to deliver low reflectance at wide angles of incidence;

cylindrical pillars are capable to produce high optical transmittance for both

TM and TE polarizations [26]. The shortcoming of these structures is the

efficiency of filtering at incident angles. These structures may be more effective

at oblique angles of incidence.

As seen in figure 2.7, non-tapered structures filter entirely differently than
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Figure 2.7: How transmittance is affected by the dimensions of the cylindrical
pillar. The pillar on top of the surface has a varying Height = 0 to 800 nm,
fixed period Λ = 200 nm, and diameter D = 40 nm for (a) angles of incidence
and (b) radiation in wavelengths at normal incidence. The structure layer is
evaluated by varying the filling fraction which is done by the Diameter = 0 to
160 nm in (c) and (d) (from [38]).

tapered structures. With tapered anti-reflective gratings (ARGs), the more

depth the structure has the more AR the filter becomes. Clearly, by observing

figure 2.7(a),(b), the height of the structure affects omnidirectionality and

causes wavelength dependence across the spectrum. Unlike tapered structures,

the shorter the pillar is the more omnidirectional and greater transmittance.

At incident angles, these structures are seen by light as simply a porous layer

effectively lowering the RI as seen in figure 2.5. How effective the filter behaves

also depends on the filling factor, the diameter/period, which figure 2.7(c),(d)

indicates.

18



Figure 2.8: The reflectance is calculated at (a) normal incidence and (b) a
wavelength of 250 nm for different incidence angles. The height is varied for
the moth-eye glass nano-structure with a period = 100 nm (from [29]).

As seen in figure 2.8, with tapered SWGs the more height the structure

has, the more omnidirectional and broadband the surface becomes due to the

aspect ratio (height ÷ diameter). Unlike non-tapered structures, these SWG’s

don’t have a fill factor. Their pitch/diameter is the same as the period which

is elucidated in figure 2.9, the base of these structures are typically connected

to their neighbors for optimal filtering. Higher orders of diffraction can be

explained by Bragg’s Law which is constructive interference leading to maximal

reflections; the periods greater than 100 nm reveal the rise in the likelihood

to reflect at certain occurrences in the spectrum indicating Bragg’s Law [29].

Even though the grating is a SWG, the transmitted and reflected waves are

not distorted due to only the zeroth-order diffraction rays are induced [23].

Non-tapered structures are able to propagate higher orders of diffraction which

may be due to the fill factor.

A contour map showing the reflectance of various ARGs in figure 2.10 as a

function of structure height and wavelengths across a chosen spectrum. The

length between the individual pillars are 10% of 300 nm which is the period and
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Figure 2.9: The reflectance is calculated at (a) normal incidence and (b) a
wavelength of 250 nm for different incidence angles. The period is varied for
the moth-eye glass nano-structure with a height = 100 nm (from [29]).

the truncated cone has an apex diameter that is 50% of the base diameter [43].

Tapered and non-tapered structures have to be optimized separately as seen

in the previous figures causing the structures to have different dimensions.

Here the tapered structures were optimized and compared to a non-tapered

structure with the aim of comparable dimensions leading to the non-tapered

results to deteriorate. With only a 10% fill factor, light basically sees this as

an abrupt surface causing reflections. Figure 2.5 seems to also simulate the

ARGs with the same dimensions causing the results of the tapered structures

to suffer which is made evident in figure 2.8 and figure 2.9. At perpendicular

Figure 2.10: Contour plot displaying the reflectance being a function of wave-
length and height for hexagonal arrays which have a period of 300 nm for (a)
nano-rod, (b) truncated cone, and (c) perfect cone (from [43]).
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incidence, the conical shapes should give the optimal AR surface; the parabolic

profile should yield lower reflection than the non-tapered structures but higher

than conical structures [42]. Figure 2.11 displays how fast the transmittance

depreciates when the non-tapered structure, evaluated at an oblique angle,

is tapered gradually. Non-tapered structures may operate more efficiently at

an oblique angle of incidence compared to tapered structures, which are very

sufficient at normal incidence.

Figure 2.11: The inset is an illustrative graphic showing how the simulations
were performed as a function of the top diameter (W). Simulated spectra of
transmittance evaluating the impact of tapering a pillar type structure at
incident wavelength λ = 500 nm, angle of incidence θ = 85◦, periodicity P =
200 nm, diameter D = 70 nm, and height H = 380 nm under 45◦ polarization
(from [26]).
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2.2 ARCs Using Thin Films Filtering Fundamentals

Conventional deposition methods are not able to deposit, at this current

time, robust films that would provide adequately small refractive indexes with

traditional coating materials for the substrate-air interface that would bring

forth wide-angle broadband designs [31]. Acquiring polarization-insensitivity,

omnidirectionality, and a broadband spectrum using a thin film ARC as a filter

is challenging due to the materials available in nature with a low RI. To acquire

admittance or impedance equalization in both phase and magnitude, optical

thin films using quarter-wave stacks are customarily used as homogeneous

anti-reflection coatings; applications of these coatings are typically restricted

by the material accessible in nature with a low RI [26], there are not sufficient

materials having a refractive index under 1.3 in the Terahertz (THz), solar,

and visual spectral region [12]. With ARGs: the refractive index, shape, pitch/

diameter, and height/depth all affect how the filter will behave pertaining to

the three main characteristics of a filter listed above. Conversely, thin film

ARC’s only parameter that affects how the filter will behave is the RI.

More than 30% of incident light is lost due to reflection off the surface

of the solar cell (photovoltaic) if it is made of silicon. In 2004, silicon photo-

voltaic panels constituted for 36% of manufactured solar panels; a solar cell

(photovoltaic) ideally would absorb all photons and convert them into electrical

charges [22]. Figure 2.12 depicts the optical phenomenons of reflection and

refraction, it demonstrates why the need for AR surfaces is desired. Notice

the reflected angle is the same as the incident angle and the refracted angle is

not. Here, the refracted index n1 is in air and n2 is in GaAs. Abrupt surfaces

are materials with refractive indexes that are much higher than the preceding

RI in which the light is traveling from, causing these phenomenons. At more
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Figure 2.12: Light refracting and reflecting off a GaAs substrate used for solar
cells (from [42]).

oblique angles, eventually the grazing angles will be reached and much less

light will begin to refract into the substrate. Polarized light characteristics

need to be assessed when the angle of incidence is not zero [42].

The polarizations, TM and TE, are averaged when considering the re-

flectance of sunlight since it is presumed to be randomly polarized [39], which

is shown in figure 2.13. From observing the plot, at normal incidence (0◦)

where the sun would be at noon (zenith) if the solar panel is on a flat rooftop,

the TE polarized (green), TM polarized (blue), and unpolarized (red) reflected

light has the same magnitude of reflection. As the sun progresses to sunset,

a lower azimuth angle where the angles of incidence (AOIs) are larger, the

TE polarized light only increases in reflectance and the TM polarized light

decreases to zero reflection around 75◦ which is the Brewster angle for this

substrate. The unpolarized light is constant up to 60◦ and starts to exponen-

tially increase afterward as does the TM polarized light after 75◦ towards the

critical angle. For any surface, at 90◦, the reflectance is unity (1) [31]. Notice

at normal incidence that all polarizations of light begin a little above 30%

reflectance which is due to the RI and is why ARSs are so effective because

an effective RI can be reached using ARGs which can be seen in figure 2.14.
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Figure 2.13: Various incident angles with the amount of light reflecting off a
GaAs flat-plane substrate (from [42]).

A material’s refractive index is divided, at wide AOIs, into two individual

effective refractive indices [32], for TE and TM polarizations which is why at

grazing angles omnidirectionality is so complicated.

Regarding the subject of anti-reflectivity, effective medium theory (EMT)

is a crucial concept that is the foundation of numerous numerical works and

modern models [4]. The effective refractive index can be determined using EMT

which is calculated by the volume of the material etched out of the substrate and

is demonstrated in figure 2.14 and figure 1.2. This explains why non-tapered

structures act as a single layer and tapered structures having the effect of a

multi-layer ARC. A wider bandwidth may be acquired by setting layers with

different refractive indexes, creating a multi-layer coating [21]. Multi-layer

Figure 2.14: Different SWG shaped structures displaying the rectangular (left),
trapezoidal (middle), and triangular (right). The shading color displays the
effective refractive index corresponding to various nano-grating forms relating
to the thin film ARCs (from [42]).
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ARCs achieve lower reflection loss across a wide spectrum of wavelengths and

wider AOIs from the gradual change in the effective refractive index with values

that are unobtainable for single layer quarter-wavelength ARCs.

Half a century of inspecting homogeneous multi-layer thin films considerably

has delivered an abundant diversity of multi-layer thin film strategies as a

consequence and design techniques [35]. An example of a homogeneous thin

film quarter-wavelength ARC is illustrated in figure 2.15(a). The orange arrow

is the incident light and the red arrow R1 is the reflection. The beam of light

incident upon the thin film has a wavelength (λ) that determines the thickness

(d) and this length is one-quarter of the light’s wavelength giving d = λ

4n [4].

This allows destructive interference to occur which causes the surface to be AR.

The yellow arrow entering the thin film medium n is the refracted light which

then proceeds to reflect causing the refracted light R2. By this time, R2 is a

180◦ out of phase or π radians from R1 causing the magnitudes of R1 and R2

to cancel each other. For a single-layer thin-film on a substrate surrounded by

air, zero reflectance can be obtained with the refractive index having a value

n = √nairns, the n will entirely depend on ns since nair is unity [4].

Figure 2.15: (a) A single layer film on a substrate depicting how rays of light
propagate through the ARC and a (b) multi-layer film (from [4]).
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Thin films decrease reflection to exceptionally low values for the designed

wavelength, ideally to zero; reflection approaches asymptotically towards the

reference value (no anti-reflection used) for the other wavelengths, but will

never surpass it [12]. As previously mentioned, the RI of thin films can be

lowered by making them porous. Multi-layer structures containing air gaps

entirely are devoid of structural solidity even though they have been accredited,

causing them to be inapt for many implementations [17]. If the RI of the

layers rises linearly from the air to the material of the substrate, a broadband

anti-reflection effect may be acquired with laterally homogeneous layers [13].

Lord Rayleigh quoted in 1880, “No one would expect a ray of light to undergo

reflection in passing through the earth’s atmosphere as a consequence of the

gradual change of density with elevation.” Light and sound reflections were

diminished by equipment that applied this very idea several decades later [32].

This gradual RI effect was replicated through a chemical etching process and

Figure 2.16: Reflectance averaged with [R̄ = 1/2 · (Rs + Rp)] as a function
of AOIs and wavelength for glass without a film and glass coated with the
anti-reflection gradient-type film (from [30]).
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the results are shown in figure 2.16. The film’s characteristics signify a gradient

refractive index due to the film containing a porous narrow layer mostly made

of silica from the etch leach process administered to the glass sensitized from a

heat treatment inducing phase separation [30]. There were unforeseen results of

wavelength dependence having periodic oscillations when the films were tested.

The periodic oscillations are similar to the periodic maximum and minimum

discerned for homogeneous discrete single-layer thin films; as the wavelength

shrinks with respect to the film’s thickness, the amplitude of the oscillations

reduces, yet intensifies as the AOI ascends [30]. The wavelength dependence

may be caused by the optical thickness of the film and the explanation of this

is forthcoming. The λ scattering phenomena or the particular features of the

refractive index profile may explain the decline in reflectance detected at longer

wavelengths and wider angles [30].

Current normal-incidence AR coating methods normally perform with

spectral ranges determined by largest wavelength λL and shortest wavelength

λS giving 0.85 < λL
λS

< 5 [31]. The multi-layer quarter-wavelength thin films are

more broadband with the addition of more layers, but in order to have a GRIN

effect, more layers need to be added that are closer in RI to remove the abrupt

surfaces and not be as sensitive to more oblique AOIs. An inhomogeneous

ARC’s optical thickness has to be greater than 1·λH or even 2·λH , based on the

premise of previous computations, this has been established [31]. This allows

light to pass through the substrate as depicted in figure 2.17. It has also been

recognized that if λL is markedly longer than the wavelength for which the

independent layers have an optical thickness that is half a wave, then spectral

features similar to an inhomogeneous ARC can be estimated with many thin

layers of identical optical thicknesses [31]. Figure 2.18 and figure 2.19 show the
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Figure 2.17: Light’s refractive angular variation using a GRIN ARC (from [35]).

data of ARCs of multi-layer thin films numerically designed for unpolarized light

at all AOIs with arbitrarily chosen RI values for the substrate and wavelength

region. The optical thickness is considered the imaginary thickness perceived by

the electromagnetic wave whereas the coating thickness is the physical thickness

[35]. Typical quarter-wavelength ARCs have an optical thickness of nd = λ

4 ,

at normal incidence this is a quarter of the wavelength but at other angles

of incidence, light effectively sees a different thickness known as the optical

thickness. A different effective optical thickness is discerned from the light

beam invading at an angle of incidence being oblique causing a new material

admittance and effective film thickness [32]. Multi-layer thin films should be

based on the refractive and critical angles for improved filtering, otherwise,

at oblique angles, the light could reflect in the middle of the inhomogeneous

ARC at a critical angle. Allow n · dθ2 (angle of refraction θ2) to be the effective
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Figure 2.18: (a)–(c) A 3–1 interface for a standard AR coating with 3 layers;
(d)–(f) A 3–1 interface for an AR coating with 200 layers; (g)–(i) A 1.48–1 inter-
face for an AR coating with 47 layers; (j)–(l) 3–1.48 interface for a single layer
AR coating. AR coatings with varying interfaces, (Column 1) the substrate’s
optical thickness and refractive index profile; (Column 2) Unpolarized light’s
averaged reflectance with angular variation; (Column 3) Average reflectance
with a spectral variation of 30◦, 50◦, 60◦, 70◦, 80◦, and 85◦ (from [31]).

optical thickness at an AOI for the sub-layer having an index n and n · d0 to

be the optical thickness at normal incidence for the N sub-layers giving the

expression n · dθ2 = n · d0 · cos(θ2) [31]. For greater AOIs, the greater the

thickness of the films needs to be for optimal filtering. The greatest impact

affecting the optical thickness is small refractive index materials and grazing

angles; the refractive index profile becomes seriously distorted from observing

the cos (θ2) (as it progresses towards 0 or θ2 = 90◦) [32].

Figures 2.18(j to l) are of a typical quarter-wave ARC. This filter is not

omnidirectional and at oblique AOIs, the ARC starts to suffer even up to 60%

reflectance. These results would be more degraded if the filter was surrounded
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by air instead of another material. Figures 2.18(a to c) is a GRIN ARC with

only a few layers making the interfaces to be too abrupt causing polarization

separation but has similar results to the quarter-wave thin film. By examining

figure 2.13, the multi-layers need to be also designed to keep the refraction

angle from varying to largely or this will also cause polarization splitting.

Figures 2.18(d to f) is a GRIN ARC with enough layers that the radiation is

guided to the substrate with less than 7% reflectance even at 85◦. This filter

may even be considered omnidirectional but at the cost of the thickness of

the substrate needs to be to have this efficiency. Notice if the RI of the initial

substrate can be lowered, then the thickness of the film can be lowered greatly

by observing figures 2.18(g to i). These multi-layered GRIN ARCs would

deteriorate if the individual thickness of the layers approached a half-wave and

would essentially become absentee layers. If the layers are too thin then the

overall thickness needs to be increased in order to keep the inhomogeneous

profile. The reason the ARCs in figures 2.18(d and g) may not be solutions

implemented at this time is because of the total thickness of the multi-layered

ARC and again the materials close to unity do not exist. These multi-layered

GRIN ARCs would be more acceptable for a small spectral region giving a

smaller total thickness of the filter. By observing figure 2.18(a and j), if a

medium other than air is present on the ARC, a much more omnidirectional

and broadband ARC is realizable.

The GRIN multi-layer ARCs could still be further improved, instead of

having a linear RI profile, a more exponential increase in RI to the substrate

has an extraordinary effect on performance for omnidirectionality, polarization

sensitivity, and the filter being broadband. Figures 2.19(g to i) shows enhanced

performance with a total thickness of the substrate being substantially thinner
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Figure 2.19: (a)–(c) A 3–1.48 interface for an AR coating with 6 layers; (d)–(f)
A 3–1 interface for an AR coating with 53 layers; (g)–(i) A 3–1 interface for an
AR coating with 7 layers; (j)–(l) 3–1 interface for a single layer AR coating. AR
coatings with varying interfaces, (Column 1) the substrate’s optical thickness
and refractive index profile; (Column 2) Unpolarized light’s averaged reflectance
with angular variation; (Column 3) Average reflectance with a spectral variation
of 30◦, 50◦, 60◦, 70◦, 80◦, and 85◦ (from [31]).

compared to figures 2.18(d to f). By reducing the total thickness even further,

the omnidirectionality suffers some and the reflectance remains less than 10%

at oblique AOIs in figures 2.19(j to l). By observing column 3 in figure 2.19,

the averaged reflectance is no longer constant across the spectrum contrary

to figure 2.18. The periodic oscillations reappeared in figures 2.19(d to f),

this may be due to the thickness of the multi-layer section not being wide

enough between the transition from air to the substrate. This could explain

why this wavelength dependency occurred earlier with the GRIN glass film.

Figure 2.19(a) is possible to manufacture because the required materials

needed exist.
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The RI profile of gradient RI coatings may follow various curves that abide

with the Rayleigh effect, such as: linear, cubic, parabolic, exponential, and

quintic [4]. Quintic RI profiles seem to be regarded as an effective ARC. The

minimum thickness of an inhomogeneous ARC is dependent upon the RI profile

but a general minimum has been found. The reflection of a substrate may be

repressed in the reflection spectrum when the optical thickness is greater than a

half of the longest wavelength, this is a known empiric principle when assessing

the imaginary thickness [33]. If the overall thickness of the ARC is too thin

and the layers are also thin (or larger wavelengths d << λ) the electromagnetic

field (EMF) perceives an abrupt interface because the radiation does not vary

considerably inside the ARC. Conversely, d >> λ, the RI profile appears to

vary slowly with the ARC relative to the wavelength of the EMF.

Even with these smooth RI profiles, there is still polarization dissociation as

depicted in figure 2.20. These “exponential” RI profiles are usually modified

based off the refractive angles inside the ARC to further improve the abrupt

interfaces seen by light in the inhomogeneous ARC which would enhance

Figure 2.20: The physical thickness of the gradient index (Quintic and Gaussian)
coating is 1 µm. The angular reflectance is calculated for a wavelength selected
at 1 µm (from [35]).
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Figure 2.21: The varying reflectance, at an incident angle of 89◦, is a function of
the genuine and modified Quintic total thickness profiles which are normalized
(divided) by the wavelength (from [32]).

the omnidirectionality and to help with the polarization sensitivity which

is illustrated in figure 2.21. A minimal thickness is estimated to be 50·λ0,

in many circumstances for thin-film intentions is problematic, to attain an

acceptable angular performance at the wavelength λ0 [32]. This modified RI

profile is so sharp in the middle of the film shown in figure 2.22 that the shorter

wavelengths see a more abrupt surface because that portion of the film has a

thinner thickness to transition from a high to low RI which leads to a narrower

spectrum that can be filtered. The reflectance at near-normal incidence will also

be higher than the original quintic curve due to that same portion of the film

being thinner. At very wide oblique AOIs, the thickness at the ambient-ARC

interface portion of the ARC needs to be wide enough that the RI profile

approximates the preceding RI which is why this modified quintic profile is so

effective because the physical thickness at the ARC interface portion is very

wide. This modified quintic profile has exceptional polarization sensitivity and

consistently low reflectance across almost all AOIs. This improvement inflicts
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Figure 2.22: (a) Profiles of the refractive index and (b) the spectral reflectance
is averaged with the incidence angles from 0–80◦ and 89◦. The performance is
compared to a modified quintic profile that is an inhomogeneous AR coating
devised for the interface between mediums with indices of refraction of 1 and 3;
The other AR coating contains a portion of the identical quintic profile having
a substrate with a 1.5 index of refraction (from [32]).

modest performance deterioration at nearly normal incidence of the film and

imposes an enlarged physical thickness [35].

An unexpected phenomenon is seen in figure 2.22, an entirely new material

is implemented for the substrate to agree with the improved truncated profile

extracting a sizeable section of the modified quintic profile from the substrate

region of the coating [32]. The reason this is possible is due to the RI because

it is still gradually changing from air to the substrate. The reflectance did not

significantly vary which is shown in figure 2.22(b). It can be seen that it is

still omnidirectional and polarization separation did not occur.

By taking into account the critical and refractive angles, which improved

the exponential RI profiles greatly, this lead to a new principle of GRIN

ARCs. By solely focusing on making the propagation path (refractive angle)

in the inhomogeneous ARC a gradual angular transition to the substrate at

wide AOIs instead of the RI profile, the GRIN ARCs could still be further

improved without the additional thickness of the ambient-ARC interface which

is illustrated in figure 2.17. It was noted earlier that wide angles directly

lead to an increase in reflection by observing figure 2.13, therefore instead
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Figure 2.23: (a) Discretized Gaussian profile with five layers between AIN
(RI = 2.06) and air. (b) Gaussian profiles with differing numbers of discrete
layers with respect to angular reflectance (from [35]).

of improving polarization sensitivity by a smooth RI profile, the RI profile

will be designed to give a smooth transition in the refractive angle which is

more direct and effective. The angle of refraction inside the coating, θ2 (or θz

in figure 2.17), decides the optical approach that light will propagate within

the coating which may be attained from Snell’s law [35], Snell’s law is (2.1)

which is from [31] and is demonstrated visually in figure 2.12. By applying

discretization to the continuous RI profiles which can be seen in figure 2.23,

the polarization sensitivity and omnidirectionality are not significantly affected.

This method is considered to be superior to the multi-layer quarter-wavelength

ARCs and the GRIN ARCs based on the RI profile. The thin film close to air

is included because there is technology such as oblique-angle deposition that

can produce porous thin-films. The nano-rod SiO2 layer has an effective index

of refraction of n = 1.08, which may be the lowest for thin film mediums to be

announced at this time [17].

n1 · sin(θ1) = n2 · sin(θ2) (2.1)
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Solar cells acquire anti-reflection typically by the use of thin-film ARCs [39].

Solar cells have advanced so far that wavelengths as small as 300 nm can be

harvested, this requires the quarter-wave thin films thickness to be extremely

accurate. Some of the more popular ARCs for tandem solar cells are interference-

based step-down coatings. For this situation, the electric current mismatch

may intensify regarding the coating if any departure from optimal occurs

with the instrument [24]. Since the refractive index is based on the material,

there is another concern for the process of assembling the different materials

together. Thin films with multiple layers primarily have increasing debonding

complications caused by thermal coefficient variations between the adjacent

layers or the adjoining layer and the substrate constantly revealing to have

Figure 2.24: Different ARCs with their reflectance being a function of incidence
angle and wavelength. (i) The single layer (SLAR) is CeO, n = 1.953, d = 78
nm. (ii) The double-layer (DLAR) is MgF2, ZnS, n1 = 1.38, n2 = 2.3, d1 =
107 nm, d2 = 56 nm. (iii) + (iv) The moth-eye AR surface of SWS’s have a
diameter of 200 nm and a height of 250 and 500 nm respectively (from [39]).
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adhesion difficulties [4].

A comparison between thin films and ARSs is shown in figure 2.24. It

can be seen that the ARGs filter across the entire spectrum of wavelengths

and angles efficiently. The SWG in figure 2.24(iv) is constantly filtering

across the entire spectrum up to about the incident angle of 80◦ and at less

than 30% reflectance. This aspect is especially coveted for certain equipment,

light-emitting diodes (LEDs) and solar cells need productive ARCs across a

large range of angles of incidence [35].

The materials in nature used in thin-film ARCs are an extensive hindrance

for devices that need robust filters, unable to be made porous which can be

seen in the figure above. By simply etching onto the surface of the device,

light can be captured and the surface can become an AR surface which is

demonstrated in figure 2.25(a and b). When the MESs is smaller than the

smallest wavelength of interest in the spectrum, a wide bandwidth can be

filtered which is portrayed in figure 2.25(c and d). The silicon wafer is black

owing to the surface being AR illustrated in figure 2.25(e).
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Figure 2.25: Conceptual illustrations of the reflection of light on (a) a smooth
surface and (b) moth-eye structures; (c) SEM image of anti-reflection artificial
structures that have the contour of a parabola; (d) A mere GaAs substrate and
a GaAs substrate with an AR parabola surface results for measured reflectance;
(e) The picture of the mere 4” silicon wafer (left) and a silicon substrate having
the moth-eye structures (right) (from [37]).

2.3 Design Concerns for AR Surfaces using SWSs

There are many different design methods that affect how well the filter will

behave. A LED projects from the inside out, therefore a double-sided AR

surface can be used to help propagate the light through the screen and to help

keep glares from appearing on the screen itself. The layout of these ARSs is

usually in a square or hexagonal array. Hybrid ARCs may be able to achieve

complete omnidirectionality by combining thin film coatings and ARGs. This

may also be acquired by etching the SWGs onto a rounded surface. There are

also different perspectives of how to improve the filtering ability such as inverse

MESs and multi-level SWGs.
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2.3.1 Multi-Level and Inverse SWSs

Multi-level and inverse MESs are based on the concept of EMT which is

depicted in figure 2.14 and figure 1.2. An example of both these concepts

is illustrated in figure 2.26. Inverse ARSs can be recognized if the surface is

flat and seems to be made porous but a cross-sectional view would reveal the

inverted ARG, even though it would also show upright SWG, which is evident

in the figure below. ARSs (not inverted) are protrusions on the surface since

the material has been etched away to produce these structures. The figure 2.28

can be considered an inverted ARG even though it was never referred to as

so in the literature. Multi-level structures have the goal in mind to replace

quarter-wave thin films by simply removing material from the substrate to

create porous layers. The multi-level inverse SWGs were found to be less

effective at normal incidence but more effective than the multi-layer step-down

interference-based ARCs at wide AOIs according to [14]. This method may be

more suitable for lasers and milling machines to produce these types of filters.

Figure 2.26: (a) A depiction of an AR structure with three layers approximating
the effective index of refraction for each layer a (b) multi-layer thin film structure
would have (from [21]).
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2.3.2 Double-Sided AR Surfaces and Layout Design

As mentioned earlier, some devices require double-sided AR surfaces. Fig-

ure 2.27 illustrates a double-sided AR surface with the same dimensions on

both sides of the filter. These double-sided AR surface’s not only aids in

making the surface AR but also assists in transmitting the electromagnetic

waves through the filter which is evident in figure 2.28. All double-sided AR

surfaces significantly increased the transmittance of the filters in the references

that even considered measuring this type of design [14], [15], [21], [25], and

[29]. For some contrivances that produce light from within to the exterior such

as a display panel, the internal reflection needs to be contemplated due to the

refractive index of the incident material being greater than the transmitting

media [43]. The LED’s transmittance of light is considerably insufficient,

ascribable to the internal reflection at the border between the medium of the

LED and its encompassing material, inducing the LED’s external quantum

efficiency to be nearly deficient [23]. Therefore, the internal ARGs need to

have much smaller dimensions than the external ARSs.

Figure 2.27: Devised to be anti-reflective inside the Ka-band (32–38 GHz),
the Rexolite block is machined on both the top and bottom sides with inverse
moth-eye shapes producing an AR surface (from [14]).
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Figure 2.28: (Left) Hot-embossing and imprinting with needles produced the
anti-reflection structure shown in the SEM image. (Right) The smooth high
resistant silicon (HR-Si), hot-embossed samples of single-layer polystyrene
(PS), double-sided PS, and calculated single PS layer with their transmittance
spectra (from [15]).

Figure 2.29 illustrates the arrangement of the ARSs that are usually laid in

this fashion for filtering the desired wavelengths. By observing these patterns,

the hexagonally patterned filter’s results are not surprising. From an EMT

point of view, more of the substrate’s volume is removed since the SWGs

can be more closely packed together. This allows the substrate to act more

like a GRIN filter. Hexagonally constructed filters are also more effective for

regular ARGs. By observing the rectangular array, conceptually the ARSs (not

inverted) might permit light to reflect down the “hallways” allowing the light

to escape. Statistically, the probability that light is escaping in this manner

might be due to the SWGs laid in vertical and horizontal lines is very likely

which would explain why its results are so much worse than the hexagonal

architecture. With hexagonally designed filters, the neighboring ARGs fully

capture the light with multiple internal reflections being entirely surrounded.
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Figure 2.29: Depicted are the configurations for a hexagonally aligned array
(a) and for a rectangular aligned array (b). (c) The rectangular and hexagonal
arrays are both AR surfaces under irradiation at normal incidence for the
simulated results graphing the reflectance in dB while being a function of
frequency. The substrate media has a dielectric constant of εr = 2.56 for the
AR inverse moth-eye models (from [14]).

2.3.3 Completely Omni-Directional Designs

By observing figure 2.30, with the eye having a spherical shape, this causes

light to always be incident on the MESs no matter how wide the AOI is. This

could still capture light effectively even up to an AOI of 90◦. What is also

interesting to see in figure 2.31 is the hexagonal structures containing the

MESs. By examining this figure, it seems that these hexagonal structures have

depth and if this is true then this leads me to believe that two wavelength

spectrums being filtered which may overlap causing an ultra-broadband filter.

The hexagonal structures look to be about 20 µm which would filter the larger

wavelengths. The MESs would then filter the smaller wavelengths. The spatial

interval between each prominence is estimated to be 170 nm and the diameter of

every protrusion is around 100 nm which is fairly beneath the visible spectrum’s

wavelength [19].

Figure 2.32 depicts the replication of the moth-eye by producing a sphere
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Figure 2.30: The sub-wavelength gratings of protuberances composed on the
corneal surface of several insects are thought to yield anti-reflective characteris-
tics with a broad bandwidth across the optical spectrum (from [14]).

with ARSs protruding on top of the sphere. The ARGs on top of the sphere

has a height of 500 nm, a period of 400 nm, and a diameter of 200 nm; the

spheres have an 8 µm height, a 25 µm period, and a 20 µm diameter [16].

From evaluating the figure, the filter is efficient across the entire spectrum with

less than 10% reflectance. This is an absorbing filter that is not designed to

transmit but only to keep the surface from reflecting by coating the filter with

a metallic layer since metals are highly conductive. It can be seen in the figure

that the sample is black which implies that light is not being reflected. Light

Figure 2.31: SEM images of (Left) a moth’s eye, a night-active insect. (Middle)
With modest magnification, the compound’s eye hexagonal structure becomes
plainly visible. (Right) With enhanced magnification, the corrugated surface
of periodic sub-wavelength structures comes into view (from [19]).
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Figure 2.32: The implanted graphics and photos, a scale bar of 1 cm, display the
example of a compound eye absorber with the optical arrangement employed for
absorbance measurements, respectively. The compound eye absorber is under
differing incidence angles for the absorption spectra considering the incident
light orientations from (a) the overhead and (b) the underneath (from [16]).

typically sums up to be 100% of reflectance, absorbance, and transmittance,

which produces 1 = T + A+R [27]. Unfortunately, the results for this design

are not really telling of how well the structure itself is omnidirectional because

the wavelengths are being absorbed, but absorbing filters are more likely to

be omnidirectional. These filters produce remarkable AR surfaces and their

results can be seen in [16], [27], and [40]. On a metal surface, the resonant

oscillation of free electrons is known as surface plasmon and between the

interface of the dielectric medium and a metal, this surface plasmon resonance

phenomenon happens in reaction to an incident wave at a certain frequency

of the electromagnetic wave; Amplified light absorbance suggests local surface

plasmon resonance that is caused by the electric field in its chosen spectral

region and the coupling of plasmon which is perceived on the surface of the

noble metal [27].

Figure 2.33 illustrates absorption for the moth-eye replicated filter by the

electric field intensity distribution and the Poynting vector (red arrows) giving

44



Figure 2.33: The simulated results of the Poynting vector in addition to the
electric field intensity from TE polarization for the normal direction at positive
and negative orientations, respectively. The white broken lines portray the
contour of the Chrome (Cr) layer and the red arrows indicate the route of the
Poynting vector (from [16]).

the direction in which the energy is propagating as well as the strength of the

EMF. By examining figure 2.33(a), the normal incidence illumination at the

positive direction for the wavelength of 370 nm displays the collection of the

electromagnetic wave (EMW) at the peaks of the ARG producing plasmonic

resonance causing the wavelength to be absorbed. A few Poynting vectors

propagate through the metallic layer and into the absorber but unable to get

to the bottom of the structure. The EMWs of 550 and 700 nm demonstrate

increased plasmonic resonance between the ARSs and the confined electro-
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magnetic radiation (EMR) gathers at the valley of the filter. The incident

light’s energy is confined between nano-structures since Poynting vectors are

severing to manifest into vortices close to resonance locations and are ultimately

absorbed [16]. Figure 2.33(b) depicts the electric field intensity distribution

concentrating at the bottom of the structure due to the normal incidence radi-

ation in the negative direction. Even as the wavelength increases, the electric

field intensity increases, but the energy gradually decreases as it travels to the

peak of the structure but seems to be incapable of doing so. The light at the

wavelength of 700 nm can easily be seen escaping between the two neighboring

MESs but appears to be minimal. The stronger the plasmonic resonance, the

less energy will leak from the structure which is evident in figure 2.33(a) for

the wavelength of 370 nm and figure 2.33(b) for the wavelength of 700 nm.

Figure 2.34 shows the results of numerical simulations of cylindrical pillars

up to 85◦. TE and TM polarizations have equal strength and are both

incorporated in 45◦ polarization. Figure 2.34(a) shows the importance of

choosing the correct dimensions for the fill factor for non-tapered SWGs. With

the correct dimensions, these nano-pillars can still transmit up to 85% of the

signal even at 85◦. These non-tapered MESs are interference-based filters and

this figure shows that these ARGs can transmit higher orders of diffraction

with non-subwavelength dimensions. Light’s transmittance direction will vary

from the incident direction when P ≥ λ, partly due to higher-order diffraction

zeniths which consequently produces great transmittance [26]. Figure 2.34(b)

illustrates how resonance affects the transmittance of the filter when the

dimensions of the aspect ratio are being considered. Apart from the area of

maximal transmittance (∼87.7% with D = 70 nm and H = 350 nm), a ripple

pattern covering various values of the aspect ratio is discerned which is related
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Figure 2.34: The hexagonal lattice structure’s dielectric value is εr = 1.46
and its simulated transmittance spectra: (a) Contour map of transmittance
with λ = 500 nm, under 45◦ polarization with θ = 85◦, and H = 350 nm; (b)
Contour map of transmittance with λ = 500 nm, under 45◦ polarization with θ
= 85◦, and P = 200 nm; (c) Comparing the spectra of transmittance between
a cylindrical pillar structure having D = 70 nm and a “moth eye” structure
linearly tapered having D tapered from 0 to 70 nm, both under 45◦ polarization,
H = 350 nm, and P = 200 nm (from [26]).

to the Fabry–Perot interferences [26]. As the diameter and height increases,

the number of resonance modes increases. Each of these modes has its own

diminished local optimum transmittance region but the threshold to the variety

of dimensions for the aspect ratio is a much more severe tolerance in comparison

to the global optimum. The transmittance declines as the diameter increases

regardless of the height since the porous surface is approaching to more of a flat

surface seen by light. Figure 2.34(c) depicts the results from comparing the

nano-pillars to a tapered MES. The omnidirectionality of tapered structures

seems to be constantly compared to non-tapered structures with both filters

having the same dimensions. Theoretically, non-tapered ARGs should be able

to filter light effectively up to 89◦ but ineffectively at the incident angles close

to the normal and inversely for tapered ARSs. The results for the tapered
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ARSs could be further improved since the dimensions for this simulation were

optimized for non-tapered ARGs, the tapered SWGs should not have a period.

The nano-pillar and the nano-cone both filter above 90% up to the AOI of 60◦.

The nano-cone then starts to quickly abate after 60◦ while the nano-pillar is

efficient up to about 75◦ and is even able to have transmittances above 80%

for wavelengths of 500-575 nm. The wavelength dependency may be due to

the fill factor, but as seen in figures 2.34(a and b), increasing the period will

remove the dimensions of the filter from the global optimums that have the

best performance. The cone decreases so drastically due to the tapered surface

of the structure causing the light to glance off the cone instead of guiding the

light towards the substrate.

2.3.4 Hybrid ARCs

Hybrid ARCs are referring to a filter that has both quarter-wave thin films

and ARSs which can be seen in figure 2.35. Due to the nano-structures

being positioned in a low-loss layer, notable absorption will not occur in this

layout [20]. The reason these hybrid ARCs are so effective might be due to the

omnidirectionality the ARGs give to the filter since interference-based ARCs

are less sufficient at oblique angles and the SWGs essentially guide the light

to be always at normal incidence between the neighboring structures which

quarter-wave thin films are most effective at perpendicular incidence. Less

reflection may also have occurred if the thin film’s had their RI raise towards

the substrates in order to guide the propagating signal instead of alternating

between higher and lower thin films. With the MESs having the effect of a

gradient RI, non-porous thin films can be used allowing the filter to be more

stable. The DLAR and multi-layer (4-layer) ARCs shown in the results of
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Figure 2.35: (a) The ARS has a period and height of 350 nm in the diagram
showing the hybrid moth-eye model. (b) Height vs. the effective index of
refraction for the entire anti-reflective structure. (Right) Each individual
ARC is contrived to couple light into a multi-junction solar cell that has four
junctions (4-J), the simulated and measured reflectance is displayed in the
figure (from [20]).

figure 2.35 proves that hybrid ARCs are extremely effective over a spectrum

with broad bandwidth and very low reflection. The interface between GaAs

and InGaP is accountable for the interference fringes that start near 675 nm

which the simulations considered, the InGaP layer thickness is connected to

the period of these fringes, correlating to the band-gap of InGaP [20].

Figure 2.36 illustrates another hybrid ARC with ARGs on the first layer

and last layer. Unfortunately, the SWGs are 1D so the filter will be sensitive to

the polarization of the EMR which is displayed in figure 2.37 and figure 2.38.

The results could possibly be improved if the SWS in the bottom layer was

a tapered structure that modeled the shape of a triangle. The EMWs would

already have been captured and propagating towards this layer at a radiance

being nearly at normal incidence, therefore an ARS with a conical shape would

direct light more sufficiently towards the solar cell. Inserting SWGs within the

filter would replace multi-layer thin films with a single layer if the device has a

substrate with a very large RI. By observing the results shown in figure 2.37
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Figure 2.36: A solar cell’s hybrid AR coating with multiple sub-wavelength
grating layers. (Left) Anti-reflective structure’s front view. (Right) Anti-
reflective structure’s side view (from [41]).

and figure 2.38, adding the second SWG layer within the filter evidently will

solve the polarization sensitivity for 1D ARG layers. The figures show results

for the silicon substrate with MESs etched on the surface and the silicon

substrate with a SiO2 layer also with SWSs etched on its surface with both

filters having polarization sensitivities.

Figure 2.39 depicts what may be considered another hybrid ARC even

though it was not referenced as so. This filter is considered to be a multiple-

Figure 2.37: The SiO2 anti-reflective coating layer, Silicon grating, and the
new hybrid structure’s calculated surface reflectivity vs omnidirectionality for
(a) TE polarization in addition to (b) TM polarization (from [41]).
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Figure 2.38: The SiO2 anti-reflective coating layer, Silicon grating, and the new
hybrid structure’s calculated surface reflectivity as a function of wavelength for
(a) TE polarization in addition to (b) TM polarization (from [41]).

discrete-layer thin-film design (4-Layers) using the methodology of oblique-angle

e-beam deposition and physical vapor deposition (sputtering) to create porous

thin films. The smallest wavelength being filtered is 350 nm and the height

of the ambient layer is 262 nm. This ambient layer may be large enough

to be considered an ARC of MESs which is why in figure 2.39, the results

display the filter to be almost omnidirectional and filter such a wide spectrum

of wavelengths due to the effective RI being so close to unity.

Figure 2.39: (Left) The four layer ARC’s cross-sectional SEM picture, deposited
on the substrate made of Si with: n4 = 1.11, n3 = 1.32, n2 = 1.79, n1 = 2.38,
and H4 = 262, H3 = 118, H2 = 77, H1 = 49 nm. (Middle) The calculated and
measured specular reflectance of the four layer ARC’s R⊥ was attained by AlInP/
GaInP (simplified design) of the inverted metamorphic (IMM) solar cell in
addition to the IMM solar cell, respectively. (Right) The AlInP/GaInP design’s
calculated AOI vs wavelength with TE/TM averaged reflectance (from [18]).
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2.4 Conclusion

Time was invested in the understanding of how quarter-wave thin films operate

in order to further understand how sub-wavelength structured surfaces function.

Destructive interference being the foundation of thin-film ARCs has been

explained, revealing the importance of the angles of reflection and refraction.

It has been shown that these two factors are still the basis of operation for

anti-reflective surfaces using sub-wavelength structures. Effective Medium

Theory should not be the cornerstone of modern models when designing sub-

wavelength structured surfaces. Multiple internal reflections from neighboring

structures with comparable dimensions to the wavelength spectrum of interest

determines how to design the filter, which will be explained in the following

chapter.
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Chapter 3

Theory and Design Fundamentals for SWSs

Computer-aided design (CAD) tools analyze the electromagnetic behavior with

numerical methods for computer simulations, today these tools are heavily

relied upon to design and model selectively surface based filters (microwave

filters). A considerable amount of the literature shows that the dimensions

of these structures need to be below the desired wavelength spectrum being

filtered due to the discovery from observing a moth’s eye. With these CAD

tools, it seems these filters are being designed by trial and error instead of

rigorous mathematical and physics-based engineering principles. In [24], 289

full simulations were computed, the height and diameter were varied to optimize

their filter. Other authors also allude to their plots for choosing the optimal

dimensions of MESs in their simulated wavelength spectrums from most likely

running hundreds of simulations. The aim of some of the previous research

seemed to reveal the technology capable of fabricating nanostructures with the

smallest dimensions possible with certain fabrication methods and equipment,

very few of the papers instructed how to design these filters but they all

mentioned that the height and period of the ARGs greatly affected the results.

The iterative designed algorithm in [14], genetic algorithm [18], and a particle

swarm algorithm in [40] were used in designing the SWGs. They also agreed
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that those dimensions are key to reduce reflections from a surface.

In this chapter, the equations needed for designing an AR surface with

ARSs and the theory behind them for tapered and non-tapered structures

will be discussed. Much discussion has taken place in the literature on the

topic of which structures are more omnidirectional, tapered or non-tapered.

The conclusions to this topic and more should have already been known in

advance. EMT is correct, but this theory does not entirely describe how this

type of device is filtering a desired wavelength spectrum. EMT was explained

earlier and demonstrated in figure 2.14. The conclusion here is the same as the

conclusion found in section 2.2 (thin film filtering fundamentals), the refractive

angle determined by Snell’s Law (2.1) also applies to this type of filter. The

refractive angle θ2 depicted in figure 2.12 can be found if the RI of n1 and n2

are known along with the incident angle θ1.

Considering EMT is based on the filling factor volume, the dimensions of the

ARG can be difficult to accurately determine. A paraboloidal-shaped ARS that

is tapered with the base of the structure attached to its neighbors, Snell’s Law

can be applied here to reveal the path the light will follow when its illumination

falls upon these SWGs which was displayed in figure 2.1(c). Since the rays are

not refracting inside the structures, the angle of the illumination is at a grazing

angle leading to internal reflections guiding the light towards the substrate.

This is why at normal incidence, the tapered structures act like GRIN thin

films and non-tapered structures act as a single layer thin film ARC. With the

understanding of optical phenomenons (brief explanations of the basics of optics

are in section 1.3.2), these filter’s behavior can be explained. This also explains

why the conical structures are more effective at perpendicular incidence and

pillars are less adequate. Inversely, pillars are effective at oblique angles and
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conical structures are not adequate. This is why parabolical structures are

in between these two ranges concerning omnidirectionality. Snell’s Law also

explains why tapered and non-tapered structures can not be compared directly

with the same dimensions. Tapered structures with a larger period are much

less effective at normal incidence. The shape of the structure should only be

chosen with the interest of choosing a section of the sector to filter pertaining

to the AOIs.

3.1 Design Equations For Tapered Structures

SWSs are hardly referred to as bandpass filters in any of the literature but this

is how they behave. A bandpass filter has two cutoff frequencies which denote

the beginning and end of the wavelength spectrum being filtered which is known

as the bandwidth. The height of the periodic array structure determines the

first cutoff frequency at the lower frequency f1 and the pitch dictates the end

of the spectrum at the higher frequency f2. Explanations of the forthcoming

equations will guide how to construct an AR surface using MESs.

More optical phenomenons revolve around the period, the explanation

regarding the cutoff frequency f2 will be explained first due to its complexity.

With tapered structures, the period is the pitch/diameter with these filters,

the base being connected to its neighbors induces optimal filtering. Tapered

SWSs prevent higher orders of diffraction from occurring during the filtering

process. ARGs are not as productive, in this circumstance, since gratings

don’t accommodate to higher diffraction orders which evidently provide to the

overall energy harvest in the solar cell, and gratings principally assist in directly

reflecting and transmitting light (propagating the zeroth diffraction order)

[4]. Another factor that helps is the wide known fact about the dimensions
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of MESs. For zero-order diffraction [29], the structure’s period is normally

substantially shorter than the wavelength of light to avert scattering [36].

Scattering has the potential to cause constructive and destructive interference

from the many wavelengths of light landing on the surface of the SWG with

each wavelength splitting into many individual wavelengths all heading into

different directions leading to higher orders of diffraction. This was explained

graphically in figure 2.9 and the results from [12], [13], [20]. The scattering

that does occur with ARSs, having dimensions smaller than the wavelength of

interest, has been considered negligible according to [4], [14], [18], [20], but

absolute zero reflectance will not likely be obtained because of scattering [14].

Λ ≤ λS
ni + ns

(3.1a)

Λ ≤ λS
ns

(3.1b)

In this thesis, the only concern is how the filter operates under perpendicular

incidence, but the period can be found with exact oblique AOIs in [12]–[14].

For any arbitrary angle of incidence, the constraint for the period is given by

(3.1a) from [12], [13] and a more stringent condition is Λ ≤ λS/2ns [27], [34],

assuming the incident medium is not greater than the substrate. The condition

for the period under normal incidence is (3.1b) from [4], [12], [13], [25].

Λ – period and pitch for tapered structures to achieve optimal filtering, λS –

shortest wavelength of the spectrum being filtered in a vacuum, ni – refractive

index of the incident medium, and ns – refractive index of the substrate.

When gratings have dimensions smaller than the wavelength of light (Λ < λ),

this is sometimes referred to as an unresolvable structure as far as the light is
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concerned. Repressing all diffraction orders exceeding the zero-th order is the

efficacy of an unresolvable grating which decreases the elements of reflection

and transmission of the light to solely specular properties; permitting light to

propagate as throughout a continuous media with a graded refractive index

as throughout the SWG determined by the proximate structure profiles [34].

EMT is commonly applied to these SWSs because the RI can be expressed as

a function of the width and height, in other words, how much of the material

remains which determines the volume. Since the ARG is tapered, the RI can be

considered a graded function from the change in the RI starting at the incident

media to the substrate material dependent upon the profile of the MESs which

is also shown in figure 1.2.

The reason the pitch/diameter determines the second cutoff frequency is

due to the phenomenon known as resonance. Fabry-Perot interference arises out

of multiple reflections within the structure [44] and is referred to as resonance

that is constructive interference in [45]. When wavelengths that are smaller

than the length of the pitch interact with the ARS, this leads to multiple

internal reflections inside the SWS which causes resonance which then leads to

reflection making the surface no longer AR.

c = λ · f (3.2a)

n = c

v
(3.2b)

v = λ · f (3.2c)

n = c

λ · f
(3.2d)

57



f = c

λ · n
(3.2e)

The cutoff frequency can be found from the following equations above.

Equation (3.2a) is from [46] and is the speed of light in free space which has

the value of 2.998× 108 m/ s in a vacuum. The index of refraction, from [47],

is how fast light travels in a medium described by (3.2b) and was discussed

earlier in the basics of optics section 1.3.2. The velocity of light in a medium

is defined by (3.2c) and is from [46]. By substituting (3.2c) into (3.2b),

equation (3.2d) is formed. By manipulating (3.2d) to solve for f , the cutoff

frequency at perpendicular incidence is defined in (3.2e). f - the number of

cycles in a periodic wave measured in a single second, λ - the length of a single

period in a periodic wave. A similar approach was found in [4].

f1 ∼
c

H · ns
(3.3a)

f2 ∼
c

Λ · ns
(3.3b)

The equations for the cutoff frequencies were derived from (3.2e) and

are listed above. For tapered structures, the period is the pitch. Therefore

λ = λS = Λ which is due to resonance causing the end of the spectrum

giving (3.3b). It was mentioned earlier that the height/depth of the structure

determined the first cutoff frequency, when the height of the MES is the length

of the wavelength or greater, the wavelength can be effectively guided towards

the substrate λ = λL = H providing (3.3a). λL – longest wavelength of the

spectrum being filtered in a vacuum, H - the height of the structure, and c ∼ v

for air since its value is so close to the speed of light in a vacuum.

58



Figure 3.1: (Left) The reflectance dependence for d/λ. The first minimum the
reflectance decreases to is d/λ = 0.4. The reflectance is virtually zero for d >>
λ (from [12]). (Right) SWG parameters (from [13]).

The height of the structure is typically limited by the fabrication method

used to create these filters. Generally, an aspect ratio of 2 was considered to

be producible and mechanically stable by most methods. Fabrication methods

that were able to obtain enormous depths for the ARG were mentioned in

[27], which is a perfect absorber with an aspect ratio of 14 and in [28], the

aspect ratio was 8 on a silicon wafer. If the technology available does not

produce a great enough depth to filter a chosen broad range of wavelengths

in the electromagnetic spectrum, then it has been found in [13], [29], [34]

that the height of the structure can be H = 0.4× λL. The dependence of the

reflectance from the aspect ratio is illustrated in figure 3.1.

AR = H

Λ > 0.4 (3.4a)

O = f2

f1
> 1 (3.4b)

The greater the aspect ratio, (3.4a) from [4], [5], [11], [13], [34], the
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more broadband the filter becomes. The ARSs will start to efficiently filter

when the height of the structure is 0.4 times greater than the length of the pitch,

which is demonstrated in figure 3.1. Any filter, in this instance an AR surface

of MESs, is considered broadband when it filters more than one octave; (3.4b)

from [12], [13], is a ratio of the highest frequency to the lowest frequency,

determining the number of octaves, as long as the results of reflection are lower

than the reference value.

It should be noted that (3.3a) is not accurate for less “dense” or more

transparent materials. This may be a result of the light falling upon the

ARGs at normal incidence and depending on how tapered the SWG is, as far

as light is concerned, the ARS is not transparent due to the grazing angles.

Equation (3.3a) is accurate for silicon because its RI value is very high and

(3.3b) is valid for all materials because grazing angles are not involved. For

more transparent materials, (3.3a) can be used with a high RI value such

as silicon to accurately capture the cutoff frequency, and then (3.3b) can be

calculated with the actual transparent RI value to find the correct bandwidth.

An example of a filter using an AR surface of SWSs is displayed in figure 3.2.

Figure 3.2: The diagram illustrating the filtering of light and the layout
parameters; the cross-sectional perspective of the preferred moth-eye conical
structures with parameters.
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3.2 Design Equations For Non-Tapered Structures

Non-tapered MESs are interference-based structures which can be seen in

figure 2.34. The same design concepts that formed the formulas for the cutoff

frequencies in the previous section may be applied in this section also. The

question that needs to be answered is how can the interference that occurs with

these ARGs be predicted and taken advantage of to filter a selected wavelength

spectrum. By investigating figure 2.34 and figure 2.7, the answer can be

found.

Figure 2.7 is optimized at normal incidence and the dimensions chosen

include the results at oblique angles. Notice in figure 2.7(b) that at a height a

quarter of the wavelength at normal incidence, the highest transmittance is

achieved. When the height is increased to the wavelength being evaluated, the

oscillations increase. Figure 2.7(a) confirms the height is effective at various

angles. The diameter is 1/10 of the wavelength at normal incidence which

gives the highest transmittance in figure 2.7(d) and is more omnidirectional

in figure 2.7(c).

Figure 2.34 is optimized for oblique incidence and the dimensions are

chosen specifically for this region since normal incidence only causes ∼ 4%

reflection loss with a substrate that has a value of n = 1.46. Figure 2.34(a)

shows that non-tapered SWGs can transmit higher orders of diffraction. When

the period is & λ, the pathway of the transmitted light will consequently

diverge from the incident route, and the appreciable transmittance will arise

partly from higher-order diffraction optimums [26]. Just like with tapered

ARS, figure 2.34(b) shows that the height of the structure needs to be at the

wavelength being evaluated and also that the diameter is 1/10 the wavelength

again. This leads me to believe that if figure 2.34(a) was evaluated with the
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dimensions mentioned in the previous sentence, the SWS would be in the high

transmittance region.

For both these simulations, the period was chosen to be 200 nm but for

two different wavelengths. In [26], the period was chosen to be smaller than

the wavelength being evaluated in order to keep higher orders of diffraction

from occurring and to transmit the most amount of light. For [38], the period

was chosen strictly at normal incidence but also is smaller than the wavelength

being evaluated. Both of these research papers included that the period was

determined by EMT. The period should be decided by the refractive angle, the

following formulas for the cutoff frequencies were developed with simulations

to discover the optimal period.

Since these structures are interference-based, the quarter-wave thin-film

architecture may be able to be applied in this circumstance. Evidence with

the height being a quarter of the wavelength has already been seen at normal

incidence and since both research papers found the pitch to be 1/10 of the

wavelength to be optimal, my simulations began with these parameters. The

pitch determined the range of the filtering spectrum just as with tapered

structures and the height of the structure decided the number of oscillations

that occurred within the filtering range.

The period filters the wavelengths just as much as the non-tapered structure

itself. With the period being so large in all of the literature that demonstrated

non-tapered ARGs, this shortened the optimal filtering bandwidth due to

resonances occurring between the neighboring SWGs. In order to take advantage

of the entire available filtering range, the period needs to be relatively short.

It was found that having the period shorter also forced the minima that occurs

from destructive interference to be more effective. The optimal period was
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found to be 1/10 the pitch. A similar rule is suggested in [48] and a comparable

design scheme for non-tapered structures in [25]. The interval between the

neighboring structures is the interspace (I) and the period can be found with

the pitch, p = I + Λ, this adjusts the interspace which filters the light.

Λ = 1
10 · λ (3.5a)

I = 1
10 · Λ (3.5b)

H = 1
4 · λ (3.5c)

Λeff = λ

ni + ns
(3.5d)

In the previous section, the pitch and the period were the same. Here the

pitch will be (3.5a), the interspace will be (3.5b), and the height will be (3.5c).

The first cutoff frequency begins with (3.5d) and is derived from (3.1a). For

non-tapered structures, due to interference from reflections and refractions, the

option of (3.1b) for perpendicular incidence is removed. Since these filters are

interference-based, this means there is a minima and the results asymptotically

approach the reference value (no filter used on wavelength spectrum) but should

never exceed it just as a quarter-wave film’s response would behave. Since

the period and the pitch determines the passband, the interspace between

the structures causes interference. It must be this interference provoking an

effective period seen by light for the need of Λeff for determining f1.

fn ∼
c

Λ · ns
(3.6)

63



Since the depth primarily controls destructive interference, the pitch and

period basically decides both cutoff frequencies. Equation (3.6) is derived

from (3.3b) and was explained in the previous section.

f1 ∼
c

(2 · Λeff + 3 · I) · ns
(3.7a)

fmin ∼ f1 · (2 ·m+ 1) for m = 0, 1, 2, ... (3.7b)

fmax ∼ f1 · (2 ·m) for m = 0, 1, 2, ... (3.7c)

f2 ∼
c

(Λ + 2 · I) · ns
(3.7d)

Just as in the previous section, the pitch determines the second cutoff

frequency f2. For non-tapered structures, there is a period giving the value of

the distance each neighboring structure must distance itself from the rest of

the structures. Therefore, the interspace helps filter the light along with the

structure and must be included in the equation. The second cutoff frequency

is obtained with (3.7d), the single unit filtering the light is the pitch, and

both interspaces next to the structure. The first minimum in the passband

within the bandwidth is found with (3.7a), which describes the larger unit

for filtering, cutoff frequency f1. To effectively capture the light, two ARSs

and the interspaces beside the structures, as well as between them are needed.

The first minimum is acquired with (3.7b) and the first maximum can be

located with (3.7c). The other bandpass filters in the passband up to f2 may

be found with (3.7b). The many maximums in the bandwidth may be located

with (3.7c).
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It should be noted that (3.7b) and (3.7c) are less accurate for substrates

with a higher RI. More severe interference and resonance occur for these sub-

strates, causing the formulas to be less precise. Even for non-tapered structures,

using (3.4b) is still accurate for this type of filter. Lastly, if the refractive

index of a material is unknown, then the index of refraction can be found with

the dielectric constant or relative permittivity εr by using (3.8a) [47]. A more

common parameter for determining broadbandedness is finding the bandwidth

B by implementing (3.8b) [47]. An example of a filter using an AR surface of

non-tapered MESs is shown in figure 3.3.

n = √εr (3.8a)

B = f2 − f1 (3.8b)

Figure 3.3: Graphic of a quartz substrate with a dielectric square lattice
structure with simulation configurations including: pitch (Λ), interspace (I),
and height (H).
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3.3 Conclusion

Since the angles of reflection and refraction are the basis of operation for a

surface that filters a wavelength spectrum, this leads to two categories for

anti-reflective surfaces using sub-wavelength structures: tapered and non-

tapered sub-wavelength structures. The theory for designing filters for both

of these methods and their derivations of the equations with fundamentally

known formulas is explained. Guidelines are also introduced to help meet

certain specifications if needed. In the following chapter, examples of filters

implementing my methodology of design for anti-reflective surfaces employing

sub-wavelength structures.
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Chapter 4

Bandpass Filters Using SWS Surfaces

High-frequency structure simulator (HFSS) is a full-wave electromagnetic field

simulator for modeling any random volumetric 3D geometry. Ansoft HFSS

utilizes the finite element method (FEM) to solve Maxwell’s equations and

adaptive tetrahedron meshing to compute parameters. These parameters

include resonant frequency, fields, and S-parameters [49].

EMT produces closed-form approximations to provide effective dielectric

constants in response to the AR structure’s profile. EMT is effective when the

period of the structure is much smaller than the wavelength of the radiation; as

the period approaches the resonance regime, EMT becomes invalid for periods

that are only slightly smaller than the specified wavelength [14]. It is noted

that EMT may not be able to be described with an analytical closed-form

when evaluating EMWs in every direction [26]. EMT is not as advantageous

as the rigorous coupled-wave analysis (RCWA) method since the dimensions

of the structure are foreseen more accurately which yields better results for

optimization [4], this also happens to be true for the finite-difference time-

domain (FDTD) method as well.

The RCWA method is able to deliver precise results for any AR structure’s

profile and period length, this is possible from taking advantage of Maxwell’s
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equations in addition to the transfer matrix method (TMM) typically [14].

The TMM requires matching the tangential elements of both magnetic and

electric fields forming a characteristic matrix [39]. The transmission and

reflectance can then be determined with this strategy with varying incident

angles [34] but the AR structures need to have periodicity with the RCWA

method unlike with the FDTD method [36]. The FDTD method also employs

time-dependent Maxwell equations [16] for the calculation of reflection losses

from AR structures in differing incident angles [42].

These types of CAD software are sought after due to the moth’s eye to

simulate these structures which are a type of bio-mimicry. Mammals have

lensed eyes instead of compound eyes which are comprised of numerous optical

components known as ommatidia; these eyes are especially remarkable at a

practically unlimited depth of field, large field of view, and great perception

of motion [37]. These structures can be designed to be absorbers for radar

stealth [16], surface engineering from the superhydrophobic lotus leaf, and

swimwear that reduces drag from shark’s riblet structures [27].

The following designs are considered filters since their purpose is selecting

a bandwidth from the wavelength spectrum and transmitting these selected

wavelengths. There are numerous operations with the primary concern of

having the zeroth diffraction order transmit, the data is lost otherwise if higher

orders of diffraction occur [13]. For example, the transference of data is

directly linked to THz spectroscopy and imaging [12]. Sometimes ARC’s are

not designed with the concern of transmitting the wavelengths but to merely

keep the surface from being reflective.
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4.1 Tapered SWSs for a Bandpass Filter

The following filter has been fabricated on silicon but not on quartz yet. For this

reason, the discussion will begin with the substrate simulated with quartz and

finish with the fabricated results compared to the simulated for the silicon filter.

An AR surface designed to filter a frequency spectrum from f1 ∼ 0.400 THz to

f2 ∼ 1.140 THz is desired.

The frequency spectrum from 3 mm to 30 µm or 0.1 to 10 THz

(l THz = 1012 Hz) is commonly known as the THz spectral range [13] which

is an incredibly extensive bandwidth [12] that has similar characteristics to

microwave and infrared radiation since it is located in between them in the

electromagnetic spectrum [15]. This EMR can transfer a substantial amount

of data comparably to infrared radiation while also being able to effortlessly

pierce ceramics, wood, and plastics; this indicates the capability for utilizing

this technology in areas such as pharmaceutical drug characterization, safety

inspection, and spectroscopic imaging [15].

The wavelength that determines the dimensions is the same as the cutoff

wavelengths. Since the cutoff frequencies are known, (3.3a) and (3.3b) will

need to be modified to find the dimensions of the ARS:

f1 ∼
c

H · ns
=⇒

H ∼ c

f1 · ns
(4.1a)

f2 ∼
c

Λ · ns
=⇒

Λ ∼ c

f2 · ns
(4.1b)
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Unfortunately, f1 would not be accurate if the pitch was given instead of

the cutoff frequencies for low RI materials, which was explained at the end

of section 3.1. Due to this, a reference value needs to be chosen to receive

consistent calculations. The materials with some of the highest naturally

occurring refractive indices are germanium (n = 4) and titanium dioxide

(n = 10) and these values were specified in [47]. Germanium was chosen as the

reference value because the calculations were closer to the minimums within

the bandwidth of the spectrum. Therefore, (3.3a) needs to be modified to find

the desired cutoff frequency for a filter:

f1eff
∼ c

H · 4 (4.2a)

H ∼ c

f1eff
· 4 (4.2b)

The effective cutoff frequency (4.2a) will now be used as a standard for

consistency, even for bandpass filters with a high RI, unless the RI is above

4. Every RI value above germanium’s might be accurate enough to no longer

need a standard, (3.3a) and (4.1a) may then be implemented. Now (4.1b)

and (4.2b) can be calculated.

H ∼ c

f1eff
· 4 =⇒ H ∼ 3× 108

400× 109 · 4 =⇒ H ∼ 188 µm

Λ ∼ c

f2 · ns
=⇒ Λ ∼ 3× 108

1.140× 1012 · 1.5 =⇒ Λ ∼ 175 µm

The guideline thresholds to check the dimensions of the SWG are calculated

with (3.1b) and (3.4a). Then the broadbandedness can be computed with

(3.4b) and (3.8b). Convert frequency to wavelength with (3.2a).
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c = λ · f =⇒ λ = c

f
=⇒ λ = ΛS (which is f2) =⇒

ΛS = 3× 108

1.14× 1012 =⇒ ΛS = 263.16 µm

Λ ≤ ΛS

ns
=⇒ Λ ≤ 263.16× 10−6

1.5 =⇒ Λ (175 µm) ≤ 175.44 µm

AR = H

Λ > 0.4 =⇒ AR = 188 µm
175 µm =⇒ AR = 1.07 > 0.4

O = f2

f1
> 1 =⇒ O = 1.140 THz

0.400 THz =⇒ O = 2.85

B = f2 − f1 =⇒ B = 1.140 THz− 0.400 THz =⇒ B = 740 GHz

The parameters including informative data and important for modeling a

tapered ARG on quartz are listed in table 4.1. Figure 4.1 illustrates the AR

surface of the designed profile for the MES. The simulated results of this coating

are displayed in figure 4.2. By observing the results, the calculations are close

to the simulated data points. The simulated cutoff frequency marker’s values

Table 4.1:
AR Surface of Tapered SWS Filter Design Parameters for Quartz

Property Value

Substrate’s RI ns 1.5
Cutoff frequency f1 0.400 THz
Cutoff frequency f2 1.140 THz

Pitch Λ 175 µm
Height H 188 µm

Aspect Ratio AR 1.07
Octaves O 2.85

Bandwidth B 740 GHz
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are determined by the minima and maxima within the bandwidth. Notice

that the reference value is at 4% reflectance at normal incidence. Materials

that have a RI near n = 1.5 reflects entirely (100%) at grazing angles, but for

perpendicular incidence, approximately 4% reflectance [4]. Since the pitch is

so close to the outcome from the guideline inequality, f2 is very close to the

resonance regime. The spikes in reflectance after f2 are caused by wavelengths

that are shorter than the pitch. These wavelengths interfere with each other

producing constructive interference, this was discussed in section 3.1.

The following filter was fabricated in silicon. Since the dimensions are

known, the process mentioned in section 3.1 can be employed. The initial step

is to begin with (3.3b), the refractive index of silicon is ns ∼ 3.45. Since the

substrate is still less than n = 4, (4.2a) will be used instead of (3.3a).

Figure 4.1: HFSS model of a multi-level micro-cone AR surface having a height
H = 188 µm and pitch Λ = 175 µm on a quartz substrate having a thickness
of 800 µm.
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Figure 4.2: The magnitude2 reflectance of the scattering parameters S11 for
the quartz multi-level micro-cone AR surface at perpendicular incidence.

f1eff
∼ c

H · 4 =⇒ f1eff
∼ 3× 108

188× 10−6 · 4 =⇒ f1eff
∼ 400 GHz

f2 ∼
c

Λ · ns
=⇒ f2 ∼

3× 108

175× 10−6 · 3.45 =⇒ f2 ∼ 497 GHz

O = f2

f1
> 1 =⇒ O = 497 GHz

400 GHz =⇒ O = 1.2425

B = f2 − f1 =⇒ B = 497 GHz− 400 GHz =⇒ B = 97 GHz

Table 4.2:
AR Surface of Tapered SWS Filter Design Parameters for Silicon

Property Value

Substrate’s RI ns 3.45
Cutoff frequency f1 400 GHz
Cutoff frequency f2 497 GHz

Pitch Λ 175 µm
Height H 188 µm

Aspect Ratio AR 1.07
Octaves O 1.2425

Bandwidth B 97 GHz
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The parameters encompassing valued data and significant for modeling

a tapered ARS on silicon are listed in table 4.2. Figure 4.3 illustrates the

AR surface of the designed profile for the SWG. The simulated results of this

coating are displayed in figure 4.4. Comparing table 4.1 and table 4.2, just by

changing the RI, the broadbandedness of the silicon filter is a little less than

half as broadband as the glass filter which is noticeable in (3.3b).

The calculations are fairly close to the simulated values by observing

figure 4.3. With higher RI values, the calculations are expected to farther

from the simulated, most likely caused by severe interference. Notice that the

reference value is close to 30% reflectance at normal incidence. At perpendicular

incidence, 30% of the EMR is reflected owing to the high RI of silicon having

Figure 4.3: (Left) SEM image of the fabricated filter. (Right) HFSS model
of the fabricated filter which is a multi-level micro-cone AR surface having
a height H = 188 µm and pitch Λ = 175 µm on a silicon substrate having a
thickness of 800 µm.
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Figure 4.4: The magnitude2 reflectance of the scattering parameters S11 for
the silicon multi-level micro-cone AR surface at perpendicular incidence.

n= 3.42 [12]. For high RI materials, the pitch needs to be less than the guideline

inequality product to be safely within the bandwidth without including peaks

of reflectance. The simulated minimum practically reached zero reflectance

even with a material with such a high RI.

4.2 Measured Results for Tapered SWSs

The simulated and measured data for bare silicon sample are displayed in

figure 4.5. HFSS is the simulation tool used to model the bare Si substrate

and the multi-level tapered structures. The reflectance seems to be accurate

when compared to the simulated data. It is known for a silicon substrate, that

the reflectance, when including reflection from the bottom surface, is around

45◦. The simulated results are close to the measured results except for the

multiphonon absorbance. The absorption seen around 18 THz is due to the

multiphonon bands. It is known for silicon that this is most likely due to the

carbon impurity [50].
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Figure 4.5: (Left) Simulated results from HFSS for the bare SI substrate.
(Right) Measured results from the bare Si substrate.

The measured results of the untreated bare Si sample is shown in figure 4.6.

MATLAB was used to calculate the effect incoherence has on transmittance

by following the process laid out in [51]. A smoothing algorithm was applied

to the results so that it may be interpreted more easily. It is clear that the

transmittance measurements can not be trusted. An example of incoherence

is shown in figure 4.7. With the top and bottom surfaces of the substrate

Figure 4.6: (Left) Measured and calculated transmittance of the bare Si
substrate. (Right) Smoothing algorithm applied to the data in MATLAB. Z is
the surface roughness, dair is the depth of a substrate with the RI of air, dm is
the depth of Si substrate, nm is the real RI value, and km is the imaginary RI
value.
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Figure 4.7: A graphic demonstrating incoherence. The substrate is not to scale.

not being parallel, this causes the coherent beam to become incoherent, the

radiation scatters from the detector. The magnitude of this effect increases

with frequency. It can be seen in figure 4.8 that the SWS has tremendous

results for the transmittance, but most likely it is due to the incoherence of

the measurement setup.

Figure 4.8: Measured results from the multi-level tapered structure surface.
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4.3 Simulation Concerns for THz Filters

When designing filters in the THz frequency range, materials no longer have

constant parameters, everything becomes frequency-dependent. HFSS has an

option to create frequency-dependent materials that may come in useful if the

substrate is lossy. If the filter is broadband, HFSS seems to have a wave port

height dependency with the frequency range being simulated. For example,

this substrate had to be split into 8 different simulations, each simulating a

different frequency range up to 21 THz. When simulating the bare substrate,

a great amount of simulation time can be saved if the substrate’s dimensions

is comparable to the solution frequency. Lastly, when simulating tapered

structures, multi-modes may occur if the wavelengths being simulated are small

compared to the filter. Figure 4.9 shows how many modes start to occur when

simulating far beyond the diffraction edge. Modes are basic field patterns that

fulfill Maxwell’s equations only at certain frequencies, therefore, the probability

of propagating higher-order modes increases with frequency [49].

Figure 4.9: Simulated results from HFSS for the bare SI substrate.
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4.4 Non-Tapered SWSs for a Bandpass Filter

This filter will not be fabricated, but the filter can be designed to filter the same

wavelength spectrum as some of the work presented in the previous chapters to

compare the methods. The bandwidth chosen will be from figure 2.7, giving

f1 ∼ 250 THz = 1200 nm and f2 ∼ 750 THz = 400 nm. The center of this

spectrum, from the perspective of a wavelength, is at 800 nm or 375 THz. The

center of the spectrum, from the perspective of the frequency, is at 500 THz or

600 nm. Since HFSS plots in frequency, this is the frequency the filter will be

designed for. Now that the cutoff frequency f1 is known, the dimensions of the

filter need to be calculated. The wavelength that determines the dimensions is

different than the cutoff wavelength λ1 in the spectrum. Therefore, equation

(3.7a) will need to be modified to find the wavelength that discovers the

sizes of the ARS. The interspace (3.5b) will also need to be adjusted for the

desired variable λ from (3.5a), to substitute into (3.7a), since the interspace

is unknown:

Substitute Λ = 1
10 · λ into I = 1

10 · Λ =⇒ I = 1
10 · (

1
10 · λ) =⇒ I = λ

100
Now substitute the I from above and the effective pitch (3.5d) into (3.7a).

Substitute I = λ

100 and Λeff = λ

ni + ns
into f1 ∼

c

(2 · Λeff + 3 · I) · ns

The following steps are to solve for λ:

f1 ∼
c

(2 · ( λ
ni+ns

) + 3 · ( λ
100)) · ns

=⇒ f1 · ns
c
∼ 1

(2 · ( λ
ni+ns

) + 3 · ( λ
100))

=⇒

f1 · ns
c
∼ 1

2·λ
ni+ns

+ 3·λ
100

=⇒ f1 · ns
c
∼ 1

2·λ·100
(ni+ns)·100 + 3·λ·(ni+ns)

100·(ni+ns)

=⇒

f1 · ns
c
∼ 1

200·λ+3·λ·(ni+ns)
(ni+ns)·100

=⇒ f1 · ns
c
∼ (ni + ns) · 100

200 · λ+ 3 · λ · (ni + ns)
=⇒
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1 ∼ c · (ni + ns) · 100
f1 · ns · 200 · λ+ f1 · ns · 3 · λ · (ni + ns)

=⇒

λ ∼ c · (ni + ns) · 100
f1 · ns · 200 + f1 · ns · 3 · (ni + ns)

(4.3)

Finally, equation (4.3) may now be used to find the dimensions of the

SWG by following the process laid out in section 3.2. The incident medium is

air so the refractive index is ni ∼ 1 and the substrate is glass, therefore the

refractive index is ns ∼ 1.5.

λ ∼ 3× 108 · (1 + 1.5) · 100
500× 1012 · 1.5 · 200 + 500× 1012 · 1.5 · 3 · (1 + 1.5) ≈ 482 nm

Now the pitch, interspace, and depth may be computed with (3.5a) to (3.5c)

respectively.

Λ = 1
10 · λ = 1

10 · 482× 10−9 =⇒ Λ = 48.2 nm

I = 1
10 · Λ = 1

10 · 48.2× 10−9 =⇒ I = 4.82 nm

D = 1
4 · λ = 1

4 · 482× 10−9 =⇒ D = 120.5 nm

Before the cutoff frequencies are able to be determined with (3.7a) and (3.7d),

equation (3.5a) is needed to calculate f1.
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Λeff = λ

ni + ns
= 482× 10−9

1 + 1.5 =⇒ Λeff = 192.8 nm

f1 ∼
c

(2 · Λeff + 3 · I) · ns
=⇒

f1 ∼
3× 108

(2 · 192.8× 10−9 + 3 · 4.82× 10−9) · 1.5 =⇒ f1 ∼ 500 THz

f2 ∼
c

(Λ + 2 · I) · ns
=⇒

f2 ∼
3× 108

(482× 10−9 + 2 · 4.82× 10−9) · 1.5 =⇒ f2 ∼ 3, 458 THz

Now that the cutoff frequencies are known, equations (3.4b) and (3.8b) will

discover how broadband the filter is.

O = f2

f1
=⇒ 3, 458

500 =⇒ O = 6.916

B = f2 − f1 =⇒ 3, 458− 500 =⇒ B = 2958 THz

Lastly, the minimums and maximums can be computed to locate the bandpass

filters within this filter’s frequency spectrum bandwidth using (3.7b) and

(3.7c) respectively.

fmin ∼ f1 · (2 ·m+ 1) =⇒

fmin ∼ 500 THz (m = 0), 1500 THz (m = 1), and 2500 THz (m = 2)

fmax ∼ f1 · (2 ·m) =⇒

fmax ∼ 1000 THz (m = 1), 2000 THz (m = 2), and 3000 THz (m = 3)

The parameters containing valuable information and useful for modeling a
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Table 4.3:
AR Surface of Non-Tapered SWS Filter Design Parameters for Quartz

Property Value

Substrate’s RI ns 1.5
Cutoff frequency f1 500 THz

Wavelength λ 482 nm
Pitch Λ 48.2 nm

Interspace I 4.82 nm
Depth D 120.5 nm

Cutoff frequency f2 3,458 THz
Octaves O 6.916

Bandwidth B 2958 THz
Bandpass Filters fmin 500 (m = 0), 1500 (m = 1), and 2500 (m = 2) THz

Maximums fmax 1000 (m = 1), 2000 (m = 2), and 3000 (m = 3) THz

non-tapered ARG on quartz are listed in table 4.3. Figure 4.10 displays the

AR surface of the designed profile for the MES. The simulated results of this

coating are depicted in figure 4.11. It can be seen that the calculations closely

match the simulated results for the first bandpass filter within the bandwidth.

As the frequencies become larger, the worse the higher-order bandpass filters

become, the calculations slowly become less accurate for the larger frequencies.

From observing the last bandpass filter in the bandwidth, the likely cause is

severe interference from the smaller wavelengths. Notice the reference value

is 4%, this is expected since the substrate is glass, also the maximums do not

greatly exceed this value. The cutoff frequencies seem to be fairly accurate,

even though the calculations suffered at larger frequencies in the bandwidth,

f2 was fairly close to the simulated value.

Now these results can be compared to other design methods starting with

figure 2.7(b). The optimal structure is only effective for half the wavelength

spectrum. At normal incidence on a glass substrate with a flat surface, 96% of

82



Figure 4.10: HFSS model of a nano-pillar AR surface having a depth d = 120.5
nm, pitch Λ = 48.2 nm, and period p = 53.02 nm on a quartz substrate having
a thickness of 800 nm.

the wavelengths would be transmitted. For this same wavelength spectrum, it

is shown in figure 4.11 that this method is active across the entire frequency

range and does not become greater than 2% reflectance. Figure 2.34(c)

unfortunately is not sensitive enough to distinguish the difference between the

design methods, but this AR surface has a much greater operating bandwidth

than both references demonstrated in the figures.

The equations can be further tested by simulating this structure with a

much higher RI such as silicon. Since the dimensions are known, the process

laid out in section 3.2 can be utilized. If the wavelength is unknown, then the

simplest solution would be to use (3.5a) and multiply the pitch by 10. The

first step is to start with (3.5d), the refractive index of silicon is ns ∼ 3.45.
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Figure 4.11: The magnitude2 reflectance of the scattering parameters S11 for
the quartz nano-pillar AR surface at perpendicular incidence.

Λeff = λ

ni + ns
=⇒ 482× 10−9

1 + 3.45 =⇒ Λeff = 108.315 nm

Now the rest of the process can be computed beginning with (3.7a):

f1 ∼
c

(2 · Λeff + 3 · I) · ns
=⇒ 3× 108

(2 · 108.315× 10−9 + 3 · 4.82× 10−9) · 3.45 ⇒

f1 ∼ 376 THz

f2 ∼
c

(Λ + 2 · I) · ns
=⇒ 3× 108

(48.2× 10−9 + 2 · 4.82× 10−9) · 3.45 =⇒

f2 ∼ 1, 503 THz

B = f2 − f1 =⇒ 1, 503− 376 =⇒ B = 1, 127 THz

O = f2

f1
=⇒ 1, 127

376 =⇒ O ∼ 3
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fmin ∼ f1 · (2 ·m+ 1) =⇒

fmin ∼ 376 THz (m = 0) and 1129 THz (m = 1)

fmax ∼ f1 · (2 ·m) =⇒

fmax ∼ 753 THz (m = 1) and 1505 THz (m = 2)

The parameters comprising of beneficial information and helpful for model-

ing a non-tapered ARS on silicon are listed in table 4.4. Figure 4.12 demon-

strates the AR surface of the designed profile for the SWG. The simulated

results of this coating are shown in figure 4.13. Just by changing the refractive

index, this AR surface is less than half as broadband as the glass filter. There

are also fewer calculated bandpass filters within the bandwidth even though

the third bandpass filter appears at the end of the frequency spectrum.

Table 4.4:
AR Surface of Non-Tapered SWS Filter Design Parameters for Silicon

Property Value

Substrate’s RI ns 3.45
Wavelength λ 482 nm

Pitch Λ 48.2 nm
Interspace I 4.82 nm

Depth D 120.5 nm
Cutoff frequency f1 376 THz
Cutoff frequency f2 1,503 THz

Octaves O 3
Bandwidth B 1127 THz

Bandpass Filters fmin 376 (m = 0), and 1129 (m = 1) THz
Maximums fmax 753 (m = 1), and 1505 (m = 2) THz
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Figure 4.12: HFSS model of a nano-pillar AR surface having a depth d = 120.5
nm, pitch Λ = 48.2 nm, and period p = 53.02 nm on a silicon substrate having
a thickness of 800 nm.

Inspecting figure 4.13 shows that only the cutoff frequency equations are

accurate. As the wavelengths become smaller, the more severe the error

becomes in the calculations compared to the simulated data. This may be

due to the RI being so great, causing serious interference as mentioned at the

end of section 3.2. The equations fmin and fmax become futile for high RI

materials. It is surprising that, if this is due to interference, the maximums do

not exceed the reference value of 30% which is the presumed value for silicon.

Notice the minimums do not completely reach zero reflectance except for the

middle passband filter in the bandwidth. The last bandpass is expected to be

more inaccurate from being at the end of the spectrum. The first bandpass

filter within the bandwidth is the only filter that can be calculated precisely.

When the profile of the MES is changed to a square instead of a cylinder,
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Figure 4.13: The magnitude2 reflectance of the scattering parameters S11 for
the silicon nano-pillar AR surface at perpendicular incidence.

the results seem to suffer slightly, even with a glass substrate. The results

progress as if the filter has a higher RI. The calculations become worse as the

wavelength becomes smaller. None of the simulated minimums reached zero

reflectance. The cutoff frequency equations were accurate. The silicon AR

surface calculations deteriorated faster than the nano-pillar AR surface. The

cutoff frequency f2 was still precise but f1 slightly deviated from the calculation.

These unexpected, inferior results might be caused by the larger volume the

structure has compared to the cylinder, giving rise to the probability of a

higher magnitude of interference that a greater RI would give. These filters are

interference-based. Since the square is a rhombus, these planes could assist in

increasing the magnitude of interference also producing the effect of a higher

RI when the shape of the cylinder might be hindering this reaction.
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4.5 Conclusion

Both design guidelines for tapered and non-tapered filters with solved examples

for each filter design are demonstrated. Simulations and calculations are

compared to evaluate the validity of the formulas. Two different examples for

tapered and non-tapered structures are calculated with a RI of silicon and the

other glass to compare the accuracy of the equations. The following chapter will

examine the fabrication process for manufacturing filters using a femtosecond

laser.
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Chapter 5

Fabricating SWS Surfaces by Femtosecond Laser

One of the promising procedures for fabricating ARGs in the THz spectral

region with varying MES shapes is femtosecond laser processing [5]. The

MES’s are developed by the ultrashort laser pulses which ablate the surface

of the medium. This recent, adaptable technology can operate on curved

or planar surfaces [10]. Unlike machining, femtosecond laser processing is a

non-contact technique, preferable for processing rigid and fragile materials.

Figure 5.1: Two different processing systems. (Top) A steady pace of 5 mm/s is
the speed the 2-axis motorized stage is capable of moving. (Bottom) The laser
beam from the fθ lens is concentrated on the plate even if the incident beam is
oblique. A scan speed of 2825 mm/s is achieved by revolving the galvanometer
mirrors (from [11]).
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Figure 5.2: The one and two dimensional design process with a femtosecond
laser, courtesy of NGIT.

These lasers have exceptionally small pulse widths, which restricts thermal

diffusion throughout the ablation period providing reduced molten media,

which produces quality micro-fabrication. The femtosecond laser processing

technology has been considerably researched and applied due to the benefits

mentioned above [6].

The femtosecond processing setup is displayed in figure 5.1. For silicon

media, the femtosecond laser is illuminated to the surface of the Si medium

with a pulse width of 700 fs, center wavelength of 1045 nm, and repetition

frequency of 100 kHz to construct periodic microgrooves. The laser power is

set to 800 mW and the scanning time adjusts the aspect ratio [6]. Figure 5.2

shows the 2-D manufacturing process for SWS surfaces. The femtosecond laser

is capable of fabricating 2-D SWSs by either employing the 2-axis motor or

revolving the galvanometer mirrors.

The scanning speed determines the dimensions of the MES. The gas present

while etching the surface is also a determining factor. N2 was found to be less

absorbing than SF6 in the IR region. Structures with blunt tips were made
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Figure 5.3: (a) Scanned at at 5 mm/s and (b) was scanned at 2825 mm/s.
Processed samples comparing differing scanning speeds (from [11]).

with N2 and sharp peaks with SF6 [4]. During laser irradiation, the thermal

effect is thought to be the cause of molten material [6]. Plasma waves are

generated onto surfaces of media when the considerable peak power of the

pulses has an intensity close to the ablation threshold. Due to the interference

between the plasma waves and laser pulses, the polarization of the incident

ray of light is perpendicular to the fabricated structures [9]. The TM mode is

when the incident radiation’s electric field is perpendicular to the grooves [6].

The reconnecting of debris and melted material on samples from the thermal

influence effect is connected to processing at a comparatively slow speed which is

demonstrated in figure 5.3. A change in the scanning system to a galvanometer

scanner from a 2-axis motorized stage improves the scanning speed to m/s

instead of mm/s in order to lessen this effect. Improving the laser beam’s

scan speed also reduces the effective pulse number. The determination of

the structure’s profile and aspect ratio are also impeded thermal influence.

Theoretically, thermal diffusion should not occur since the radiation of the laser

pulse will cease before this effect can begin. This is due to the fact that thermal

diffusion begins at 10−9 s and the femtosecond laser is appreciably briefer,

executing non-thermal manufacturing at 10−15 s. A concern is if ablated media,

absorbing incident pulses repeatedly, are reconnecting at the initial position if
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Figure 5.4: (Left) A relation between scanning number and depth as a function
of scanning speed set at 2825 mm/s. (Right) A relation between scanning
number and scanning speed as a function of Laser power set to 800 mW (from
[11]).

the laser pulses are repeatedly illuminated at the same location [11].

The results of the femtosecond laser’s scanning number are depicted in

figure 5.4. The graphic on the right shows that the taper will be manufactured

with a greater height when the scan speed is increased. The number of pulses

repeatedly radiated at the same location will be reduced as long as the scan

speed is rising, enabling the reconnecting of debris and absorption of repeated

incident pulses to be hindered. The graphic on the left shows that there is a

limit around the scanning number 6000 aiming for the largest height of the

taper. The melted media on the wall of the grooves or at the bottom of the

Figure 5.5: (a) Has a pitch = 45 µm and (b) is a pitch = 40 µm. Tapers with
different peaks from changing the pitch (from [11]).
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Figure 5.6: (a) The Si and (b) GaAs media showing manufactured 2-dimensional
structures (from [11]).

valleys is from the energy of the laser pulses being converted to heat since the

intensity of the pulses penetrating to the bottom began to be less than the

processing threshold of ablation as the tapers were being lasered [11].

The femtosecond laser can also be precise when adjusting the pitch to

obtain dull or sharp peaks which are shown in figure 5.5. The femtosecond

laser is a reliable method for fabricating Si AR surfaces. Si and GaAs have

little dispersion and good transparency in the THz spectral range and their

profiles are illustrated in figure 5.6.

The femtosecond laser can also be used in a liquid environment to manu-

facture carbide nanoparticles by laser ablation which concentrates the pressure

state and high temperature [8]. For a copper substrate, there was no conglom-

eration when fabricating the laser-induced periodic surface structures (LIPSSs).

Even though the exceptionally high peak energy will immediately raise the

value of the temperature considerably, but as long as the pulse energy is not

greater than the processing threshold, the energy around the illuminated area

will be regarded to be interpreted as heat [7].

To conclude, the femtosecond fabrication setup is depicted and explained.

The capabilities and limitations are described in depth. 2-D tapered structures

can be processed and the precise control of the tapered profile is shown. The

femtosecond laser is a non-contact method, preferable for fragile substrates,

93



that can operate on curved surfaces and can even be operated in a liquid

environment. In the following chapter, the Bruker IFS 125HR Spectrometer is

the equipment that measured the filter and will be explained.
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Chapter 6

Measurement of SWS Surfaces

The Bruker IFS 125HR measures a wide spectral range with modular vacuum

optics and is a high-resolution research Fourier transform infrared spectroscopy

(FT-IR) spectrometer. The interferometer model establishes minor polarization

effects and a great energy throughput. The Bruker spectrometer is depicted in

Figure 6.1: The compartments in the Bruker IFS 125HR (from [52]).
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Table 6.1:
Definitions for Compartments in the Spectrometer

Location Definition

A Source compartment (enlarged version shown)
B Interferometer compartment
C Scanner compartment
D Sample compartments
E Channel switching sub-chamber
F Detector compartment
G Detector outlet ports
H Cover plate, provides access to large accessory
I Outlet port for parallel beam
J Input port for parallel beam
K Input port for focused beam

figure 6.1. A table listing each of the compartments in the Bruker IFS 125HR

is displayed in table 6.1. All information for this chapter is from [52].

FT-IR spectrometers have many advantages for measuring in the THz

spectrum. The scan time of the broadband spectral range of wavelengths is

brief due to the wide bandwidth being simultaneously measured with a high

resolution. The interferometer in the spectrometer operates as a Michelson

interferometer. Transmittance or reflectance is calculated by comparing the

response from the sample being inserted into the path of the detector to the

prerecorded initial beam of light the detector received. The spectrometer emits

a beam of radiation that is collimated, producing a coherent parallel beam,

which is then split into two beams. One beam is focused on the sample and

the other is relayed back to the sample by a moving mirror. The resolution

is related to the accuracy in the movement of the mirror, which is applying

interference. The Fourier transform is then applied to the data which produces
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Figure 6.2: The Spectrometer’s optical path (from [52]).

the spectral response.

The source compartment can independently choose between 3 housed water-

cooled sources. The interferometer compartment receives the concentrated

source ray beam. The optical path difference is resolved precisely by a regulated

HeNe laser in the interferometer compartment. A beam splitter and retrore-

flecting mirrors are incorporated with the invariably aligned interferometer.

The interferometer has an incidence angle of 30◦ to more effectively employ

the beam splitter and to limit polarization effects. The scanner compartment

contains 2 vacuum chambers in the standard configuration. There are 2 drive

units, a DC (Direct Current) motor and a linear motor, that drives the scanner.

These are known as the outer and inner scanners. The inner scanner may

only be utilized for a meager resolution measurement. The outer scanner

97



Table 6.2:
Definitions for Components in the Spectrometer’s Optical Path

Location Definition

A Scanner with movable retroflecting mirror
B Beam splitter
C Fixed retroflecting mirror
D Folding mirror
E Input aperture (field stop)
F Sources
G Spherical mirror
H Collimating parabolic mirror
I Focusing parabolic mirror
J Torodial mirror
K Collimating parabolic mirror
L Focusing parabolic mirror

establishes the sliding movement, the inner scanner’s primary function is to

rectify the fluctuations from the outer scanner. The sample compartment has 2

big compartments with concentrated ray beams. There are 2 channel switching

sub-chambers contained in the Bruker IFS 125HR. Their purpose is to direct

the ray beams to the proper sample compartments. The detector compartment

can house 2 external and 4 internal detectors. The ray beams can access all

of the detectors from both sample chambers. The big liquid-helium cooled

detectors, far-infrared (FIR) bolometers as an example, may be equipped to

the 2 external locations. 4 of the liquid -nitrogen room temperature or cooled

can be inside the compartment. The liquid N2-cooled MCT detector system

is the standard configuration for great spectral sensitivity and mid-infrared

(MIR) spectral range. The optical path of the Bruker IFS 125HR is illustrated

in figure 6.2 and its corresponding table of components in table 6.2.
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The Spectrometer covers a wide range of frequencies by exchanging sources.

For this experiment, the mercury arc lamp was utilized. Once the light is

modulated, the light is sent to the sample at the focal beam. A liquid helium

bolometer was used in the detector system, since measuring in the far-infrared.

Overall, the measurement system, Bruker IFS 125HR, is illustrated and

explained. All of the compartments within the system have been discussed and

their functions defined. The optical path is shown and all of its components

listed. The following chapter will explore the pathways of future work and

conclusions drawn from the results of this thesis.
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Chapter 7

Conclusions and Future Work

The desire to eliminate reflections from surfaces has been sought after for

many decades. The primary method for designing ARS is EMT. Time was

expended to learn the basics of operation for quarter-wave thin films, destructive

interference was discovered to be the solution. The angles of reflection and

refraction were found to be crucial for this technology. The propagation angle

or the angle of refraction is the solution. The basics for AR surfaces using

SWGs were discovered to remain the same. The filter still operates around

Snell’s Law. EMT should no longer be the cornerstone for modern AR surfaces.

The dimensions of ARGs corresponds to the wavelength spectrum of interest,

provoking multiple internal reflections from neighboring structures to capture

the wavelengths of interest.

This thesis presented a new process using formulas that are based on the

wavelength spectrum of interest. The equations are optimized for tapered and

non-tapered structures. Multi-level tapered SWGs are designed to produce

an optimized bandpass filter. Solved examples for tapered and non-tapered

structures with varying values of the RI are shown. The measured results for

the sample, the setup was found to be incoherent, causing the transmittance

to fall exponentially to zero. The MATLAB code proved this assumption to be
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true. Design concerns for simulating MESs in the THz spectrum were discussed.

The fabrication of SWSs with a femtosecond laser is examined. The Bruker

spectrometer for measuring the ARSs is also discussed.

In conclusion, this work presented a method for swiftly designing tapered

and non-tapered structures to filter a certain bandwidth in the electromagnetic

spectrum without having to do trial and error calculations or optimizations. The

proposed method is wavelength dependent, which provides a simple process

to filter a section of the wavelength spectrum easily. The recommended

filter, anti-reflective surface using sub-wavelength structures, have polarization

insensitivity, and is quasi-omnidirectional. This filter is a powerful device for

future AR technology.

7.1 Future Work

The performance of the filter can be further improved by changing the substrate

material to float-zone silicon. Its resistivity and loss tangent are appropriate

for the THz spectral region. Since silicon has a high refractive index, research

of materials that are transparent in the infrared spectral region needs to be

investigated. If quartz is transparent in this region, then quartz would be the

suitable material for the substrate.

A well-known method for improving the transmittance of a medium is a

double-sided AR filter. This requires both the top of the medium and bottom

to be etched with SWSs. Typical applications for the technology that generally

desires AR surfaces with high transmittance includes diodes, solar technology,

and any transparent media.
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