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ABSTRACT

RAJENDRA JOSHI. Fabrication, Characterization, and Modeling of Random Anti-
reflective Optical Surface Structures. (Under the direction of DR. GREGORY J. GBUR)

Optical surfaces can be fabricated to be anti-reflective (AR) by coating single- or
multi-layered dielectrics on them. However, the optical response through these surfaces is
polarization- dependent and angle-dependent, and they degrade quickly on exposure to the
environment and laser radiation. One alternative to these coated AR surfaces are periodic
sub-wavelength AR structures, which possess no material mismatch with the substrate,
contrary to that in the case of dielectric-coated AR surfaces. The polarization-dependency
and angle-dependency of optical response of these structured surfaces is still an issue for
some applications, however.

Optical surfaces fabricated with random AR surface structures (rARSS) have proven
to be largely angle-independent and polarization-independent. They also withstand higher
power laser damage threshold. There is a limited amount of research done in the area of
fabrication and modeling of the rARSS.

We extended the research area in the fabrication of rARSS and added a physical model
which will be able to simulate the optical response of the fabricated rARSS and relate it to
the fabrication parameters. The fused silica substrates were etched using inductively
coupled plasma deep reactive ion etching (ICP DRIE) method. The etching parameters
were investigated and optimized to get very high transmittance (nearly perfect) from

Visible to Short-wave Infrared (SWIR) region.
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CHAPTER 1 INTRODUCTION

1.1 Overview of the Dissertation

Light waves incident on a boundary separating two physical materials always undergo
partial reflection, due to the discontinuity of the refractive index values across the
boundary. In order to suppress this Fresnel-type reflection, anti-reflection coatings and
structures are usually applied to the boundary. The conventional method of fabricating a
layered anti-reflection (AR) coating on the surface, for a specific light wavelength, is to
deposit a dielectric material of suitable thickness and refractive index on top of the
substrate. The required refractive index and the thickness of the layer are related to the
wavelength of the incident light and, the index difference between superstrate and
substrate. If the path difference between the two waves reflected from the two interfaces,
of a film-substrate layered structure is of the order of quarter of the wavelength (A/4) of the
incident wave, destructive interference would occur, as shown in figure 1 below. As a
result, there will be no net energy reflected at the interface. Assuming there is a negligible
amount of absorption in the substrate and the layered dielectric, all the incident power will
be transmitted through the substrate [1].

Conventionally, anti-reflecting layers of thin films can be fabricated by the deposition
of a single dielectric or, a stack of multiple discrete dielectric layers composed of various

refractive index materials. The fabrication of the layered AR coatings is achieved using
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thin film deposition techniques, such as Physical Vapor Deposition (PVD), Chemical

Vapor Deposition (CVD), or Plasma Enhanced Chemical Vapor Deposition (PECVD).

ny (4)

n,(4)

Figure 1.1. Quarter wave layer deposition of a dielectric of refractive index n between two
dielectrics of refractive indices n; and n,. The refractive index of the deposited dielectric is
the square root of the product of n; and n,. and the thickness of the dielectric is target

wavelength divided by four times the refractive index of the deposited dielectric layer.

Specifically, PECVD is a plasma-assisted process during which a radio frequency
(RF) electromagnetic field is applied to a low-pressure gas mixture in an evacuated
chamber. The RF-energy induces a mixture of highly energetic electrons, ions, neutral
atoms and molecules and reactive radicals, known as plasma. The plasma interacts with the
substrate. The platen power is set so that deposition occurs on the substrate by the
interaction of these atomic and molecular fragments.

For the fabrication of a single layer AR coating, a dielectric material of suitable

refractive index and thickness is deposited on an optical substrate such that the path
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difference between the two reflected rays from the two interfaces interfere destructively.
As a result, the incident power is not reflected. The refractive index of the coated

intermediate layer should be given by
n=-n;.n, (1.1)
and the optical path-difference should be ﬁ [2, 3]. However, the single layer AR coating

does not work efficiently if the wavelengths of the incident light differs from the
wavelength for which this coating has been designed. The AR effect for the broadband
spectral region can be significantly improved using a multi-layered AR coating on the
substrate. The various layers of different thicknesses and hence different effective
refractive indices are designed to induce destructive interference for different wavelengths

of incident light.

A large volume of work has been done related to the fabrication of AR layers with
dielectrics, however, issues still exist [4-6]. One of the difficulties is to find dielectrics of
refractive indices to match the AR condition on the surfaces given in equation (1.1). A
large number of alternating index layers is required to fabricate a surface suitable for broad-
band AR performance. Secondary issues arise when the fabricated materials are exposed
to environmental conditions or high-power laser radiation. Since the AR coating layers are
composed of at least two different materials, and the substrate is different than the
deposited dielectrics, the thermal and mechanical stresses are mismatched in the strata. As
a result, when layered AR coatings are exposed to environmental conditions for a long
time, they can degrade quickly. The coated AR layers are vulnerable to high energy
radiations. High energy laser incident radiations impose thermal and radiation stresses on

the coated layers and can ablate or fracture the layers as a result [7].
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In 1879, Lord Rayleigh was one of the first who analyzed the reflections of waves at
the interfaces of the two media of different refractive indices and proposed coating a
substrate with materials of refractive indices that form a gradient-index transition from the
superstrate to the substrate, in order to overcome the shortcomings of homogeneously

layered AR coatings [8].

These layered structures reduce the optical discontinuity at the interfaces. Some
alternatives to broad-band AR coatings fabricated with multi-layered dielectrics are: a)
Periodic sub-wavelength surface relief structures and, b) Random surface structures.
Periodic sub-wavelength anti-reflective surface structures (pARSS) are fabricated by using
standard photolithographic techniques. First, the optical substrate is coated with photoresist
and an etching mask is made by exposing the resist. This can be done by the use of UV-
exposure systems, such as stepper, contact alignment exposure system, e-beam writer etc.
[6]. The exposed resist is developed after exposure to create the surface relief of the etching
mask with the desired contours. The pattern is then transferred to the substrate using deep
etching (plasma) methods, such as reactive ion etching (RIE) or inductively coupled plasma
(ICP) RIE. The fabrication of periodic sub-wavelength surface relief structures (pARSS)

can be a lengthy process, depending on the complexity of the masking resist profile.
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Figure 1.2. Optical surface with layered coatings and periodic structures are shown. (Left)
The layered coatings can be single layered, multiple pairs with dielectric layers of high and
low refracting indices or dielectric coatings of gradient indexed materials. (Right) The
periodic structures can be fabricated using photolithographic exposure systems on coated
resists to make an etch mask and then transferring the structures of the mask to the substrate

using RIE method.

Light transmission through these periodic sub-wavelength surface relief pARSS is

angle-dependent and, polarization dependent at angles other than normal incidence [9].

Optical surfaces with incident-angle and polarization independent transmissivity can
be achieved using non-periodic sub-wavelength structured surfaces. These types of
structures are usually classified as random anti-reflecting surface structures (rARSS). The
optical transmission of this type of AR surfaces has been measured to be largely angle and

polarization independent [10].
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Figure 1.3. (Left) Periodic sub-wavelength structures on a Silicon substrate and their optical
response are shown. (Right) The reflection is decreased significantly after the fabrication of SWS

on the bare silicon substrate. The reflections are, however, largely polarized dependent.[9]

The chemically reactive gas ions produced by applying strong RF frequency
electromagnetic field, typically 13.56 MHz, to the electrode of (ICP) RIE chamber are
bombarded directly on an optical surface to fabricate rARSS on the surface. The fluoro-
carbons are usually used to produce the reactive plasma inside the RIE chamber for the

fabrication of rARSS on fused silica substrates [11].

The substrate is placed on a temperature-controlled electrode, and the energetic ions
are directed to bombard the surface. The energy and direction of the bombarding ions can
be controlled by the platen and coil powers respectively. The bombardment rate and hence
the etch rate can be controlled by the gas flow rate, bias power and the pressure of the gases
inside the chamber [12]. The substrate was etched for a certain time and varied the other
etching parameters depending on the transmissivity requirement of the spectral region of

interest.

Since the AR surface is fabricated on the substrate without deposition of material,

there are no thin film stresses or thermal mismatches. As a result, the textured surfaces can
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withstand higher laser damage thresholds. Recent results show that the laser damage
threshold on rARSS fabricated fused silica samples is near 100 J/cm? using 1.06 pm pulsed

laser [13].

All ARSS fine structure is smaller than the wavelength of the incident light, and as
such, they can be classified as sub-wavelength (SW) structures. These SW structures can
be regular or random. If the period of the structured pillars or any other shaped structure is
constant over the surface of the substrate, then the structures are known as periodic. If the
period of the structures is not well-defined or if there is no characteristic period, the

structures are random.

For the fabrication of periodic AR surface relief structures, an etch mask can be used
with conventional photolithography as described above. The fabrication of random ARSS
can be done using a thin metal mask or without a metal mask. The process involves the use
of (ICP) DRIE with the radicals adsorbed in the substrate surface and, the following etching
reaction is enhanced by the reactive ion bombardment. The process variables in the
fabrication of random AR structures are etching time, chamber pressure, platen and coil
power; and the flow rates of reactive gases [11, 14]. The etching system is described in

chapter 2 in more detail.

The differences in the fabrication of layered and periodic AR surfaces with rARSS
include fewer fabrication steps, decreased processing time. The fabricated SW features are
dimension tolerant because of their randomness. Since the interference phenomenon is
destroyed by random structures of the random surface, the spectral band AR performance

is fringeless as compared to the spectral response through the layered AR coatings. These
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random AR structures, thus, show a suppressed Fresnel reflection over larger range of the
angle of incidence (AOI).

1.2 Dissertation Outline

Chapter 1 introduces the anti-reflection (AR) surfaces, and their fabrication using
various processes. An overview of techniques used for creating anti-reflective surfaces
using conventional methods is given. It briefly discusses about realizing the AR surfaces
by thin film deposition and also by fabricating periodic surface structures on the substrates.
Then it discusses about the need of random anti-reflective surface structures and its
fabrication using inductively coupled plasma deep reactive ion etching (ICP DRIE)

method.

In chapter 2, the etching system used in the fabrication of rARSS is briefly described.
First the molecular structure of fused silica is given in brief and then the Bosch process
used to physically and chemically etch the fused silica surface inside the chamber using
ICP DRIE process is described. The use of thin metallic mask as the etch mask and the
etching parameters in ICP DRIE method to obtain a random anti-reflective surface

structure that produces very high transmittance is described in the chapter.

Next, in chapter 3, the characterization of the fabricated random anti-reflective surface
structures on the substrate is described. First the surface profile was measured using UV
confocal microscopy, and then the results of the transmittance enhancement of the
fabricated samples at various etching conditions are shown. Next, the fabrication of AR
surface that have very high transmittance from visible to short-wave infrared region are
discussed. Then these fabricated samples are characterized using spectroscopic

ellipsometry.
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In chapter 4, we analyzed the transmittance enhancement of the fabricated optical
substrates and simulated the transmittance enhancement by the method of calculating the
transmissivity through multi-layered dielectric media, derived using the modified

Bruggeman’s effective medium approximation and adding scattering factor in it.

Finally, the chapter 5 summarizes the research work discussed in this dissertation and

briefly a direction is given for further work.
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CHAPTER 2 ETCHING PROCESSES ON FUSED SILICA

2.1 Molecular Structure of Fused Silica

The building block of molecular structure of silicon dioxide is a three-dimensional
tetrahedral cell structure of SiO4 formed by four oxygen atoms surrounding a silicon ion
as shown in figure 2.1(a). The Silicon and Oxygen atoms arrange themselves in such a way
that bond length of Si-O bond is ~ 0.162 nm. The bond length is slightly smaller than the
sum of the covalent radii of Si (0.11 nm) and O (0.066 nm) atoms, which is 0.176 nm. The
normal distance between two Oxygen atoms is ~ 0.262 nm. The bond length of Si-Si is
approximately 0.31 nm; however, it solely depends upon the SiO, arrangement. The bond
angles O-Si-O are basically 109.5° tetrahedral angle. The bond angle of Si-O-Si is
approximately 145° for a free molecule, but it can vary from about 110° to 170° with a small
change in the bond energy. The rotation of the bond about the axis is almost completely

free as shown in figure 2.1(b).
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(b)

Figure 2.1. (a) SiO4 as a building block of SiO, (b) Si-O-Si bridge bonds between neighboring

tetrahedra.
The basic units of tetrahedral structure of SiO4 bond together by sharing an oxygen
atom in between them and form a SiO2 molecular structure. This is illustrated in figure 2.2

in a sample six-membered ring.

Figure 2.2. Six-membered SiO, molecule ring
The SiO2 can exist in amorphous or in crystalline structure. The reason for the
amorphous oxide structure is the absence of any crystalline form of SiO, whose lattice size

closely matches the silicon lattice [15].
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2.2 Etching System

The etching experiment was performed using STS ICP system as shown in the figure
2.3. The impedance of an ICP etching tool is matched to that of the plasma. This allows
having a high coupling efficiency between the applied field and electrons in the plasma.
The presence of solenoidal magnetic field improves the confinement of the plasma by
reducing its losses around the chamber. Also, as the coil and platen power can be varied
independently, the etchant species can be increased without increasing the radio frequency
(RF) power to the substrate. This tool is able to produce high plasma densities at pressure
less than 10 mTorr. Low pressure operation helps to reduce the scattering and therefore
improves the control of etch profiles. The gases used in this system were SFg, C4Fs, Ar and
O>. The gas flow rates were controlled by mass flow controllers. The heat generated from
the plasma can be transferred to the substrate. However, the temperature of the substrate
can be stabilized by backside cooling with helium (He) gas. It is necessary to keep the
substrate at a constant temperature to get a desired etching profile. The chamber can be
pumped to a low pressure (~ 107 Torr) by a turbo pump which is backed by a dry pump.
The etching gas mixtures are introduced through the annular region at the top of the
chamber lid. The plasma of the etcher is inductively coupled through a coil at 13.56 MHz,

with independent energy control provided by 13.56 MHz RF biasing on the substrate.
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Figure 2.3. Schematics of STS ICP system Etcher. It uses the ionic bombardment of reactive
plasma of fluorine-based gases on the fused silica substrate to make random AR surface
structures on the substrate. The coil power, platen power can independently be varied which
gives freedom to choose a variable at a time.

2.3 Reactive lon Etching Process

Reactive ion etching (RIE) is an anisotropic process which combines the plasma and
sputter etching processes. This is highly anisotropic process which is mostly used in the
fabrication of micro- and nanostructures [16, 17]. The etch rate is not dependent on the
crystalline structure of silicon, unlike wet etching, as depicted in figure 2.4. RIE creates
trenches that have, in principle, vertical sidewalls due to directional ion bombardment.
Still, the RIE processes that rely on pure SFs or CF4 chemistry are not capable of producing
high aspect ratio structures because the sidewalls are also exposed to highly reactive
fluorine radicals [18, 19]. Anisotropy can be enhanced by using less reactive etchants, or

by protecting the sidewalls with a passivation layer.
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Figure 2.4. The difference between three different types of etching methods for fused silica.

Chlorine and bromine plasmas can also be used to etch fused silica, even though their
reactivity with silicon is considerably lower than the reactivity of fluorine [20-22]. Due to
their low reactivity, Cl- and Br- radicals do not etch fused silica spontaneously, or the
spontaneous etching that does occur is insignificant. Fused silica is etched only when ion
bombardment is present. Because of the directionality of the ions, the etch profiles are
anisotropic. However, the etch rate is considerably lower by using less reactive etchants .
The selectivity of photoresist, silicon dioxide and metal masks is also lower with Cl-based
plasmas than with fluorine plasmas due to a low silicon etch rate and the greater ion
bombardment required for the desorption of non-volatile etch products. Low selectivity
typically requires the use of metal masks if deep structures are desired [20]. But this
restriction is not applicable to the case where surface roughness on the fused silica is

desired. This is the reason we used Fluorine based gases to etch the fused silica substrates.

2.4 Bosch Process and Inductive Coupled Plasma Deep Reactive Ion Etching

In plasma etch systems, the plasma is generated by coupling electromagnetic energy
into the gas species. It employs radio frequency energy (RF) of 13.56 MHz to create plasma
of ionized atoms, electrons, and radicals of reactive gases for etching. In the inductively

coupled plasma (ICP) system, the axial magnetic field from surrounding the surrounding
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coil induces an azimuthal electric field. The inductive coupling produces a dense plasma
inside the chamber due to the magnetic confinement which helps in producing more ions
and controlling the etching uniformity [23]. In addition to this field, an extra independently
biased RF electric field of 13.56 MHz is applied. The RF frequency is applied to prevent
the excessive charging of the insulating substrates, which enhances the efficiency of the
ionization process. The induced electric field combined with RF electric field applied

between the electrodes act as the electron and ion accelerators [24, 25].

VLTI T LTI

000

Figure 2.5. Inductively coiled plasma for deep reactive ion etching process

The Bosch process is the most widely used deep reactive ion etching (DRIE)
technique [26]. It uses two steps: passivation and etching. The gas octofluoro-cyclobutane
(C4Fg) is introduced in the chamber in the passivation cycle. This gas converts into (CF2)n
radicals by electron impact dissociation and it diffuses on the substrate. This makes a thin
layer of fluorocarbon soft polymer, similar to Teflon [27]. This This layer acts as the mask
to helps to reduce the undercut and enhance anisotropic high aspect ratio etching. During
the etching cycle, the SFs with gases are introduced and the plasma is struck in the gas

mixture by the application of capacitive RF power source. This breaks the gas molecules
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into reactive ions, electrons and there are neutral atoms too. By the application of electric
field between two electrodes, the ions are accelerated towards the substrate to be etched.
Then the reactive ions react with the substrate chemically and other particles react
physically (similar to the case in sputtering), giving rise to the etched surface depending
upon the parameters such as etch mask, energy of the ions (platen power), chamber
pressure, type of gas mixture, directionality of the ions (coil power), time of passivation

and etch.
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Figure 2.6. Bosch Process applied in fused silica substrate. The figure (a) on the left shows
the schematics of the etching mechanism and the figure (b) on the right shows the processing

steps schematic vs. time during multiplexing.

The repetition of etching and passivation cycles (called multiplexing) results in almost
vertical sidewalls [28]. The drawback of the process is the scalloping of the sidewalls due
to the alternating etching and passivation steps [29]. The sidewall roughness can be reduced
by shortening the duration of the etching and passivation steps or by post processing:
thermal oxidation followed by oxide etching [30]. The schematics of the Bosch process is

shown in the figure 2.6.
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The etching of the optical substrate using Bosch process is shown in the figure

® Electrons

® Jons

@® Neutrals

Figure 2.7. The etching of the fused silica optical substrate using Bosch process

The etch chemistry in passivation and etching cycle are given below:
1. Passivation Step
C,Fg+ e > CEY+CEF + e~
CE, - nCF, (Fluorocarbon polymer)
2. Etching Step
SFfe™ = SyFf + SyF,+F + e”

nCFf +F - SO0,F, + 0, + (x — 4)F (x<6)

25i0, + C, Fg —» 2SiF, +4CO

The volatile gas and the unused gases pumped out of the chamber continuously during

the multiplexing.
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2.5 Etching Parameters of Fused Silica

The random surfaces on the fused silica wafer can be induced by the conventional
method as shown in the figure 2.8. Conventionally a fused silica wafer is spin-coated with
a positive photoresist and exposed in a 5X reduction stepper to develop rough surface on
the photoresist. The rough surface induced on the photoresist can be used as an etch mask
in the ICP RIE chamber to transfer the rough surface on the fused silica. However, this

method is time consuming and hence it is expensive too.

In a second method, we used a gold sputtered fused silica substrates to etch random
anti-reflective surface structures on them as shown in the figure 2.9. The thin layer of gold
layer (porous layer) acts as an etch mask in the ICP DRIE process. This method is a single
step etching method as the random surface on the fused silica substrates can be developed

by the use of ICP RIE using Bosch process as described in the previous section.

The optimization of the ICP DRIE process to get the random surface structures which
have the properties of high anti-reflection at a given wavelength or for a broadband is a
challenging task. It requires a precise control on the etching parameters. By controlling the
etching parameters, the fluxes of the ions and neutrals reaching the substrate can be

controlled, which basically produces the surface structures as needed for the application.

The parameters used for the optimized etching of the fused silica optical substrates is

given in the table 2.1.
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Table 2.1. Etching parameters of the fused silica optical substrates

Parameter Passivation Etching
C,F; flow (sccm) 85 0
SF¢ flow (sccm) 0 130
0, flow (sccm) 0 13
Cycle Time (Second) 7 9
Platen Power (Watt) 0 Variable
Coil Power (Watt) Variable

Chamber Pressure (mTorr) Variable

Etching Time (Minutes) Variable

There are several methods to induce random rough surface on the optical substrates.
One of the conventional methods we used to induce random surface on a planar fused silica
substrate was using photolithography method. This conventional method we used uses

multiple steps to get random surface on the optical substrate, which is shown in figure 2.7.
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Figure 2.8. Conventional method of developing random rough surface on a fused silica
substrate. This method needs many steps to achieve the goal and hence time consuming and

expensive.

Another method we used to develop random anti-reflective surface structure on the

planar as well as curved fused silica substrate is shown in the figure 2.8.

LU o L — [

Figure 2.9. Single step etching method to achieve random rough surface on fused silica
substrate using ICP RIE Bosch process.

The feature height, depth and average roughness of the random surface structures
developed using this method can be controlled by varying the applied chamber pressure,

platen power, coil power, etching time, gas flow rates etc.
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The optimized condition was used, and the planar and curved fused silica optical

substrates were etched. The transmissivity for a planar fused silica 4” wafer sample etched

with optimized etching condition is shown in the figure 2.10. The transmissivity reached

about 99.6% when the sample was etched on both sides [31]. The fabricated fused silica

samples with optimized conditions for various wavelength region have been used in many

applications [32-35].
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Figure 2.10. The transmissivity of the both-side processed planar fused full 4" wafer using

optimized etching parameters. This shows about 99.6 % of transmissivity in a broadband

wavelength range.

The top-view (5°- inclination) and side-view SEM image of one of the samples

fabricated with optimized etching conditions is shown in the figure 2.11.
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Figure 2.11. The top-view (5°- inclination) and side-view SEM image of one of the samples
fabricated with optimized etching conditions.

In summary, we briefly discussed about various etching processes that are used in
etching optical substrates. Then we showed a single step etching process, using Bosch
process, to etch fused silica substrate to induce random anti-reflective surface structures
(rARSS). This method is quicker than the conventional methods, and we can control the
etching process as needed for the fabrication of rARSS on optical substrates to give the
higher and broadband AR surface. We showed the result of one of the optimized etching
conditions, which was used to fabricate rARSS on a planar fused silica 4” wafer. After

etching both sides, it shows ~ 99.6% transmissivity in a broad wavelength region.
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CHAPTER 3 FABRICATION RESULTS OF ANTI-REFLECTIVE RANDOM
SURFACE STRUCTURES

3.1 Characterization of Optical Substrates

The optical substrates were etched using ICP DRIE method. The device used was
Advanced Silicon Etcher (ASE). The optical substrates used for etching in our case were
UV grade planar fused silica. The substrates were etched with variable etching parameters
using Bosch process. The variables we used in our case were chamber pressure, coil power,
platen power and etching time. When one variable was changed, the other parameters were
kept at a fixed optimized value. After etching the substrates applying the method as
described in chapter 2, we measured their topical structure using scanning electron

microscope (SEM).

The Scanning Electron Microscope (SEM) images of the samples processed are shown
in the figures 3.3, 3.4, 3.5 and 3.6 for variable parameters: chamber pressure, platen power,

coil power and etching time respectively.

The chamber pressure was varied from 15 mTorr to 30 mTorr and then to 45 mTorr.
The variable platen powers used for etching were 15 W, 30 W and 45 W. The variable coil
powers used were 500 W, 750 W and 1000 W. The etching time was varied from 30

minutes to 60 minutes and then to 90 minutes in the etching processes. The other
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parameters were kept constant at the optimized values for all the processes as shown in the

table 2 of the chapter 2.

The roughness parameters: average roughness (Ra), root-mean squared roughness
(Rg), total roughness (R;) are shown in the figure 3.1, obtained from the measurement of

roughness using atomic force microscope (AFM).
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Figure 3.1. The roughness parameters: average roughness (Ra), root-mean squared roughness

(Rq), total roughness (R,).

The average roughness (Ra) and the root-mean squared roughness (Rq) are given by

1 l
Ra = 7 folyldx

’1 1
q= onyzdx
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The total roughness (Rz) is the sum of peak roughness (Rp) and valley roughness (Rv),
where peak and valley roughness are the positive maximum and minimum values of the

roughness [36], which are shown in the figure 3.1.

R, = R, + R,

The skewness and kurtosis give the characteristic signature of the rough structures

formed on the surface [37].

Skewness = 0

Kurtosis > 3
Skewness < 0 Skewness > 0 Kurtosis = 3

Kurtosis < 3

Figure 3.2. Figure depicting the skewness and kurtosis of a surface. These parameters give

the characteristic signature of the rough surface.
At first the chamber pressure was varied and the change in the surface structures,

roughness, surface profile, and the transmissivity were measured. The surface profile is

shown in the figure 3.3 as taken by scanning electron microscope (SEM).



Figure 3.3. Unprocessed and processed samples with varying chamber pressure. The figure
3.3(a) shows the unprocessed sample and 3.3(b), 3.3(c), and 3.3(d) show the SEM images of

the samples processed at 15 mTorr, 30 mTorr and 45 mTorr respectively.

The average roughness (Ra), root-mean squared roughness (Rq), total roughness (R;),

Skewness (Rsk) and Kurtosis (Rks) were measured for the samples fabricated with varying

chamber pressure. The values are tabulated in 3.1.

Table 3.1. Change in roughness parameters with change in processing chamber pressure

Sample

Unprocessed

Processed (15 mTorr)

Processed (30 mTorr)

Processed (45 mTorr)

Roughness
R, (hm) R,(nm) R,(nm)
35 4.4 30.1
22.61 28.02 153.14
121.88 151.35 780.18

148.32 183.07  1007.26

0.06

0.17

0.08

0.07

2.97

2.57

2.72

2.77
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Then the platen power was varied and the change in the surface structures, roughness,
surface profile, and the transmissivity were measured. The surface profile is shown in the

figure 3.4 as taken by scanning electron microscope (SEM).

Figure 3.4. Unprocessed and processed samples with varying platen power. The figure 3.4(a)
shows the unprocessed sample and 3.4(b), 3.4(c), and 3.4(d) show the SEM images of the
samples processed at 15 Watt, 30 Watt and 45 Watt respectively.

The average roughness (Ra), root-mean squared roughness (Rq), total roughness (R;),
Skewness (Rsk) and Kurtosis (Rku) were measured for the samples fabricated with varying

platen power. The values are tabulated in 3.2.
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Table 3.2. Change in roughness parameters with change in platen power

Sample Roughness

R, (hm) R,(nm) R,(nm) Ry, Ry,
Unprocessed 3:5 4.4 30.1 0.06 2.97
Processed (15 Watt) 98.52 119.72 633.71 -0.09 2.40
Processed (30 Watt) 121.88 151.35 780.18 0.08 2.72
Processed (45 Watt) 149.29 187.47 1007.59 0.13 2.30

Next the platen power was varied and the change in the surface structures, roughness,
surface profile, and the transmissivity were measured. The surface profile is shown in the

figure 3.5 as taken by scanning electron microscope (SEM).

Figure 3.5. Unprocessed and processed samples with varying coil power. The figure 3.5(a)
shows the unprocessed sample and 3.5(b), 3.5(c), and 3.5(d) show the SEM images of the
samples processed at 500 Watt, 750 Watt and 1000 Watt respectively.
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The average roughness (Ra), root-mean squared roughness (Rg), total roughness (R,),
Skewness (Rsk) and Kurtosis (Rku) were measured for the samples fabricated with varying

coil power. The values are tabulated in 3.3.

Table 3.3. Change in roughness parameters with change in coil power

Sample Roughness

R, (hm) R,(nm) R,(nm) Ry Ry,
Unprocessed 3.5 4.4 30.1 0.06 2.97
Processed (500 Watt) 91.34 113.51 608.45 -0.21 291

Processed (750 Watt) 121.88 151.35 780.18 0.08 2.72

Processed (1000 Watt) 152.75 192.08 948.56 0.35 2.95

Finally, the etching time was varied and the change in the surface structures,
roughness, surface profile, and the transmissivity were measured. The surface profile is

shown in the figure 3.6 as taken by scanning electron microscope (SEM).



Figure 3.6. Unprocessed and processed samples with varying etching time. The figure 3.6(a)
shows the unprocessed sample and 3.6(b), 3.6(c), and 3.6(d) show the SEM images of the
samples processed for 30 minutes, 60 minutes and 90 minutes respectively.

The average roughness (Ra), root-mean squared roughness (Rg), total roughness (R;),
Skewness (Rsk) and Kurtosis (Rks) were measured for the samples fabricated with varying

coil power. The values are tabulated in 3.4.

Table 3.4. Change in roughness parameters with change in etching time

Sample Roughness

R, (hm) R,(nm) R,(hm) Ry, Ry,
Unprocessed 35 4.4 30.1 0.06 2.97
Processed (30 Minute) 39.65 49.79 267.59 0.27 2.93

Processed (60 Minute) 121.88 151.35 780.18 0.08 2.72

Processed (90 Minute) 139.06 168.76 907.52 0.38 2.69
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3.2 Surface Profile Characterization of the Etched Samples

The etched samples had different surface profile with the change in the etching
parameters. The fill factor of the surfaces at different heights from the bottom of the etched
surface was taken using LEXT confocal microscope. The figures 3.7, 3.8, 3.9 and 3.10
show the surface profiles of the processed samples. The horizontal axis shows the net depth
of the samples from the ambient and the vertical axis shows the fill factor ratio of the

substrate (fused silica) with respect to the air.

First the surface profiles of the samples processed at various chamber pressures are
shown in figure 3.7. As the chamber pressure increases, the ion density increases, and we

expect that the etch rate increases with the increase in the chamber pressure.

110
100
90
80
70
60
50
40
30

20
10 ——Chamber Pressure =45 mTorr

—Chamber Pressure = 15 mTorr

——Chamber Pressure = 30 mTorr

Normalized Percentage Fill Factor

0 200 400 600 800 1000 1200 1400
Net depth from the ambient (nm)

Figure 3.7. The variation of the percentage fill factor of the substrate with the height of the surface

for variable chamber pressure.
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The material/void fraction percentage at each height of the fabricated samples with
variable chamber pressure are summarized in the table 3.5 taking only 10 values from 0 to
100% material left after etching:

Table 3.5. Substrate material left after etching at distance of the layer from ambient at the variable
chamber pressure

Substrate material left Distance of the layer from ambient (nm) at the variable chamber pressure
after etching (%) 15 mTorr 30 mTorr 45 mTorr
0 0 0 0
10 45.48 217.98 233.59
20 57.70 281.45 297.21
30 65.97 321.78 338.53
40 72.46 353.07 371.26
50 78.21 380.76 400.57
60 83.61 407.50 428.66
70 89.02 435.71 458.39
80 94.95 469.11 493.50
90 102.60 518.03 545.43
100 153.14 780.21 820.21

This analysis shows that as the chamber pressure increases, the etched depth also
increases. Also, the material/void ratio changes smoothly as the chamber pressure goes on
increasing.

Next the surface profiles of the samples processed at various platen power are shown
in figure 3.8. As the platen power increases, the reactive ions reaching the substrate

increases and impinge with higher energies, and we expect that the etch rate increases with

the increase in the platen power.

The material/void fraction percentage at each height of the fabricated samples with
variable platen power are summarized in the table 3.6 taking only 10 values from 0 to 100%

material left after etching.
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Figure 3.8. The variation of the percentage fill factor of the substrate with the height of the surface for

variable platen power

Table 3.6. Substrate material left after etching at distance of the layer from ambient at the variable
platen power

Substrate material left Distance of the layer from ambient (nm) at the variable platen power
after etching (%) 15 Watt 30 Watt 45 Watt
0 0 0 0
10 217.98 257.39 334.37
20 281.45 326.37 413.76
30 321.78 370.65 466.68
40 353.07 405.71 509.43
50 380.76 437.34 548.48
60 407.50 468.36 587.81
70 435.71 501.87 630.51
80 469.11 542.36 682.30
90 518.03 603.75 759.13
100 1191.94 127412 1526.09

This analysis shows that as the platen power increases, the etched depth also increases.

The slope of the material/void ratio goes larger with increasing the platen power.
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Then the surface profiles of the samples processed at various coil power are shown in
figure 3.9. As the coil power increases, the number of reactive species increases, and thus

we expect the etch rate increase with the increase in the coil power.
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Figure 3.9. The variation of the percentage fill factor of the substrate with the height of the surface for

variable coil power

The material/void fraction percentage at each height of the fabricated samples with
variable coil power are summarized in the table 3.7 taking only 10 values from 0 to 100%

material left after etching.

This analysis shows that as the coil power increases, the etched depth also increases.
The slope of the material/void ratio goes larger with increasing the coil power. However,
the slope of the profile of sample etched goes smaller with increase in the chamber pressure,
which is most probably caused because the directionality of the ions increases with increase
in the coil power and hence the profile becomes more anisotropic (i.e. less slope of the

profile) with increase in the coil power.

Finally, the surface profiles of the samples processed at various etching time are shown

in figure 3.10. As the etching time increases, the number of reactive species impinging on
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the substrate significantly increase, and thus we expect the etch rate increase with the

increase in the etching time.

Table 3.7. Substrate material left after etching at distance of the layer from ambient at the variable

coil power
Substrate material Distance of the layer from ambient (nm) at the variable coil
left after etching power
(%) 500 Watt 750 Watt 1000 Watt
0 0 0 0
10 201.43 217.98 347.75
20 263.48 281.45 428.81
30 302.82 321.78 482.94
40 332.73 353.07 527.33
50 358.85 380.76 568.21
60 383.84 407.50 608.59
70 409.48 435.71 652.79
80 438.56 469.11 705.35
90 479.20 518.03 782.77
100 722.14 791.94 826.97
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Figure 3.10. The variation of the percentage fill factor of the substrate with the height of the surface for

variable etching time.
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The material/void fraction percentage at each height of the fabricated samples with
variable etching time are summarized in the table 3.8 taking only 10 values from 0 to 100%

material left after etching.

Table 3.8. Substrate material left after etching at distance of the layer from ambient at the variable

etching time
Substrate material left Distance of the layer from ambient (nm) at the variable Etching Time
after etching (%) 30 minutes 60 minutes 90 minutes
0 0 0 0
10 97.98 257.39 285.56
20 125.11 326.37 365.49
30 143.21 370.65 416.19
40 157.70 405.71 455.79
50 170.38 437.34 491.26
60 181.95 468.36 525.86
70 193.13 501.87 562.63
80 204.75 542.36 607.24
90 218.91 603.75 674.33
100 282.21 770.12 1001.01

This analysis shows that as the etching time increases, the etched depth increases. The

slope of the material/void ratio decreases with increasing the etching time.

3.3 Transmission Enhancement with Variable Parameters

The transmission enhancement was measured using Varian Cary 5000 UV-Vis-NIR
Spectrophotometer. The resolution of this spectrometer is £0.1nm in UV-Vis region and
+0.4nm in infrared region. The wavelength chosen to measure the enhancement was from
300nm to 2200nm. All the measurements were taken at normal angle of incidence. A basic
schematic for the measurement of the transmissivity of the planar fused silica sample is

shown in the figure 3.11.
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Figure 3.11. Schematic diagram of the spectrophotometer. The sample was put normal to input
beam direction and the etched surface facing the incoming beam (in case of one-side etched

samples).

The transmission enhancement was measured using Varian Cary 5000 UV-Vis-NIR
Spectrophotometer. The resolution of this spectrometer is £0.1nm in UV-Vis region and

+0.4nm in infrared region.

The spectral transmittivity at normal incidence was measured from 300 nm to 2200
nm in an increment of 5 nm. The measured spectral transmittances were used to calculate

the rARSS transmission enhancement (1) by using the formula below:

n= ('}; —1) x 100% (3.2)

where, t, and t, are the measured transmittances through the processed and

unprocessed surfaces respectively.

First the transmissivity and then the transmittance enhancement of the samples
processed at various chamber pressures are shown in figure 3.12. As the chamber pressure
increases, the etch depth increases, and we expect that the maximum transmissivity red

shifts with the increase in the chamber pressure.

We see from the figures 3.12 (a) and 3.12 (b) that the transmissivity red shift with the

increase in chamber pressure, and also the higher transmissivity is observed in larger band.
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Figure 3.12. Transmissivity of the unprocessed and processed samples with varying chamber

pressure

Next the transmissivity and then the transmittance enhancement of the samples
processed at various platen powers are shown in figure 3.13. As the platen power increases,
the etch depth increases, and we expect that the maximum transmissivity red shifts with

the increase in the platen power.
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Figure 3.13. Transmissivity of the unprocessed and processed samples with varying platen power.

We see from the figures 3.13 (a) and 3.13 (b) that the transmissivity red shift with the

increase in platen power, and also the higher transmissivity is observed in larger band.
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Then the transmissivity and then the transmittance enhancement of the samples

processed at various coil powers are shown in figure 3.14. As the coil power increases, the

etch depth increases, and we expect that the maximum transmissivity red shifts with the

increase in the coil power.
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Figure 3.14. Transmissivity of the unprocessed and processed samples with varying coil power.

We see from the figures 3.14 (a) and 3.14 (b) that the transmissivity red shift with the

increase in coil power, and also the higher transmissivity is observed in larger band.
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Figure 3.15. Transmissivity of the unprocessed and processed samples with varying etching time
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Finally, the transmissivity and then the transmittance enhancement of the samples
processed at various etching times are shown in figure 3.15. As the etching time increases,
the etch depth increases, and we expect that the maximum transmissivity red shifts with

the increase in the etching time.

We see from the figures 3.15 (a) and 3.15 (b) that the transmissivity red shift with the

increase in etching time, and also the higher transmissivity is observed in larger band.

The increase in the transmittance and the threshold wavelength above which the

transmittance starts to increase is tabulated in table 3.9.

Table 3.9. Cut-off wavelengths corresponding to processed planar fused silica sample

Processing parameters Parameter values Cut-off wavelengths (nm)
15 mTorr <300
Chamber Pressure 30 mTorr 470
45 mTorr 550
500 Watt <300
Coil Power 750 Watt 395
1000 Watt 465
15 Watt <300
Platen Power
30 Watt 405
45 Watt 480
30 minutes <300
Etching Time 60 minutes 405

90 minutes 725
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We see that the threshold wavelength increases with increase in the chamber

pressure, coil power, platen power, and etching time.

3.4 Fabrication of Anti-Reflective Surface on Fused Silica from Visible to Short-Wave
Infrared Spectral Band
The highly transmissivity enhanced random-structured anti-reflection surfaces were
fabricated on plane fused silica substrate. The transmissivity region can be which are
tailored to shift from Visible to NIR or SWIR using an optimized reactive-ion etching
fabrication process. Because of the high transmissivity and the angular independency in
the transmission, this novel material is a considered to work very well in the Visible, NIR

and SWIR spectral regions for non-imaging applications [33].

We processed the fused silica substrates at various chamber pressures using the Bosch
process[38] in an STS Advanced Silicon Etcher (ASE), using an inductively-coupled
plasma deep reactive ion etch (ICP DRIE) technique, to restructure the surface of optical-
grade planar fused silica substrates. It induces a random, sub-wavelength, nanoscale
topography on the surfaces which behaves as a gradient index film with anti-reflective
properties. These surface structures are usually referred to as random anti-reflective surface
structures (rARSS). The resulting surface structure depends on the etching parameters of
the ICP-RIE process used. The etching process consisted of two cycles: (a) an etching cycle
using sulfur-hexafluoride (SFe) and oxygen (O2) and, (b) a passivation cycle using freon
(C4Fg) gas [39-41]. The nanoscale random structures formed on the resulting surface
depend on the processing parameters. The main processing variables are gas flow rates,
chamber pressure, coil power, platen power and total etching time. The change in these

processing parameters changes the anisotropic etching of the material by the change in the
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number of positive ions and reactive neutral atoms impinging perpendicularly on the
surface of the material [28]. As a result, the average roughness (Ra) of the random surface
formed on the substrate and the average diameter of the random nanostructures can be

modified and the refractive index of the surface changes going from the air to the substrate.

The surface spectral transmittance was measured through the rARSS on the fused
silica substrates at 550nm, 885nm and 1280nm at normal incidence using a Cary 5000
spectrometer, to establish trends in transmission enhancement. The data was collected for
wavelengths from 300 nm to 2200 nm at 5 nm wavelength intervals. The measured spectral
transmittances were used to calculate the rARSS transmission enhancement (1) by using

the formula (3.1).

The maximum possible theoretical transmittance enhancement through a one-side
processed fused silica single surface is about 3.1% to 3.5%, in the 300 nm to 2200 nm
spectral region. The figure 3.16 shows the transmission enhancements in the three values
550nm, 885nm and 1280nm. The sample A had the highest enhancement of the
transmissivity at 550 nm, sample B had the highest transmissivity at 885 nm, and the

sample C had the highest transmissivity at 1280 nm.
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Figure 3.16. The transmissivity of the three samples processed with three different optimized

processes and their transmissivity enhancements at three different spectral regions

The figures 3.17, 3.18 and 3.19 show the transmissivity enhancement of the

fabricated planar fused silica samples A, B and C at the wavelengths 550nm, 885 nm and

1280 nm respectively.
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Figure 3.17. The ellipsometric measurement on sample A showing the transmissivity
enhancement of both s- and p-polarized beam at 550 nm.
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Figure 3.18. The ellipsometric measurement on sample B showing the transmissivity
enhancement of both s- and p-polarized beam at 885 nm.
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Figure 3.19. The ellipsometric measurement on sample B showing the transmissivity enhancement of both

s- and p-polarized beam at 885 nm.

They all show that the transmissivity of both s- and p- polarized light is enhanced and

it is angle-independent for a large angle of incidence.
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The table 3.10 shows the average roughness of the processed samples and their

maximum transmissivity enhancements at 550nm, 885nm and 1280nm.

Table 3.10. Roughness and transmissivity enhancement of three fabricated samples

Sample Average Roughness (Ra) Maximum Transmissivity
Enhancement
A 22.61 nm 2.59 % at 550nm
B 121.88 nm 2.91 % at 885nm
C 148.32 nm 3.01% at 1280nm

This shows that the transmissivity enhancement shifts in the higher wavelength region

as the average roughness increases.

3.5 Ellipsometric Characterization of the Random Anti-Reflective Surface Structures

Fresnel reflection at the interface between two dielectrics can be suppressed by either
using thin film interference effects or by decreasing the abrupt changes between their
refractive indices. The former can be achieved by coating the dielectric with a single layer
or multiple layers of suitable dielectric thin films, and the latter by restructuring the surface
of the dielectric to induce an effective gradient refractive index between the two optical
media layers [4, 32, 42, 43]. The amplitude of the normalized transmittance through such
a random anti-reflection planar surface has been measured to be almost unity for incidence
angles from 0 to +30 degrees [32, 44, 45]. However, the phase shift of the reflected light
from the rARSS as a function of the angle of incidence has not been investigated to date,
to the best of our knowledge. This research can be helpful in understanding and controlling

the phase shift by changing the processing parameters.
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We processed the fused silica substrates at chamber pressures of 15 mTorr, 30 mTorr
and 45 mTorr using the Bosch process [38] in an STS Advanced Silicon Etcher, using an
inductively-coupled plasma deep reactive ion etch (ICP DRIE) technique, to restructure
the surface of optical-grade planar fused silica substrates. It induces a random, sub-
wavelength, nanoscale topography on the surfaces which behaves as a gradient index film
with anti-reflective properties. These surface structures are usually referred to as random
anti-reflective surface structures (rARSS). The resulting surface structure depends on the
etching parameters of the ICP-DRIE process used. The etching process consisted of two
cycles: (a) an etching cycle using sulfur-hexafluoride (SFs) and oxygen (O2) and, (b) a
passivation cycle using freon (C4Fs) gas [39]. During the etching cycle, SFe gas is admitted
into the chamber and dissociated into a mixture of fluorine and sulfur ions. These ions are
accelerated to the surface of the substrate. Fluorine ions react with the Si atoms on the
fused silica surface. During the passivation cycle, the platen power is kept very low and
CaFs gas enters the chamber. This gas deposits on the activated surface created during the
etching cycle. In the following etching cycle, the fluorine ions react with Si and oxygen
reacts with C atoms present on the surface from the passivation cycle. During the etching
cycles, the volatile gaseous byproducts, silicon tetrafluoride (SiF4) and carbon monoxide
and carbon dioxide (CO, CO>) are pumped out, leaving the etched surface behind. Similar
processes have been reported by others to induce random roughness on fused silica surfaces
[11, 14]. The nanoscale random structures formed on the resulting surface depend on the
processing parameters. The main processing variables are gas flow rates, chamber pressure,
coil power, platen power and total etching time. The surface-ion reaction time inside the

chamber depends on the ion dwelling and residence time. The increase in the processing
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chamber pressure increases the anisotropic etching of the material by the increased number
of positive ions and reactive neutral atoms impinging perpendicularly on the surface of the
material [28]. By varying this parameter, the maximum depth of the surface roughness (R;)

and the average diameter of the random nanostructures can be modified.

We measured the spectroscopic transmittance through the rARSS on the fused silica
substrates, as a function of ICP-RIE processing chamber pressure. The substrate spectral
transmittance was measured at normal incidence using a Cary 5000 spectrometer. The
transmission data was collected for wavelengths from 300 nm to 2200 nm at 5 nm
wavelength intervals. The measured spectral transmittance was used to calculate the
rARSS transmission enhancement calculated using formula (3.1), between the processed

samples and an unprocessed fused silica substrate.

Thus, if the processed surface measured transmittance was lower than the
unprocessed corresponding value, the transmittance enhancement resulted in a negative
normalized fraction, whereas if the processed surface measured transmittance was higher,
the enhancement was a positive normalized fraction. This allows us to express the increase
in transmittance due to the anti-reflective property of the rARSS in a normalized-ratio

difference to the Fresnel interface transmittance as in figure 3.20.
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Figure 3.20. Measured normal incidence transmittance enhancement from one-side processed fused silica
substrates at different processing chamber pressures. The theoretical maximum transmittance enhancement
for a single surface is also shown for comparison. At lower chamber process pressures, the transmittance
enhancement peak blue shifts and the maximum enhancement bandwidth decreases. The ellipsometric test
wavelengths are shown with the arrow markers for reference. The dashed vertical asymptotes indicate the

enhancement cutoff wavelength.
The maximum possible theoretical transmittance enhancement through a fused silica

single surface is about 3.1% to 3.5%, in the 300 nm to 2200 nm spectral region.

The samples processed at chamber pressures of 30 mTorr and 45 mTorr have an
enhanced transmission of about 3% for a broadband region from 1000 nm to 1300 nm,
where the ideal maximum transmittance enhancement is about 3.22% indicating the
transmission of the rARSS single surface is 99.7%. The enhancement cutoff wavelength in
figure 3.20 is the wavelength below which there is no enhancement in transmittance. At
lower processing chamber pressures, the enhancement cutoff wavelength decreases (blue

shifts), as indicated by the trend of the dashed vertical asymptotes in the figure 3.20.

The physical characteristics, viz. maximum roughness (R;), and lateral feature
diameter, of the random rough surfaces were measured in order to relate them to the

measured optical performance for each sample. The maximum roughness (R.) of each
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processed sample was obtained using a Dimension 3100 Scanning Probe Microscopy
(SPM) system with a nanoscope IV SPM controller, atomic force microscope (AFM)
manufactured by VEECO. A high aspect ratio needle was used for higher accuracy.
Scanning electron microscope images (SEM) were obtained at normal viewing conditions,
and granulometry was used on the SEM images of the etched surface, to obtain the feature
diameter size distribution from multiple locations on each processed substrate. The average
feature diameters, transmittance cutoff wavelengths, and the average maximum depths of

the processed substrates all increase with higher processing chamber pressures, as shown

in figure 3.21.
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Figure 3.21. (Left) Measured maximum roughness (R;) of the structured surface, plotted with the threshold
transmission enhancement wavelength () from Fig. 3.18, and (right) the comparison of surface roughness
measured by AFM and its value analyzed using spectroscopic ellipsometric (SE) analysis, from the fused
silica substrates processed at the chamber pressures shown in x-axis of the figure in left. The increase in
process pressure results in increase in the values of R, cutoff transmission enhancement wavelength and, the

average diameter of the featured surfaces.
Next, we measured and calculated the ellipsometric parameters (y and A) by using
variable angle spectroscopic ellipsometry and investigated the phase shift produced at

different wavelengths by the rARSS developed with various processing parameters [46].
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A short description of spectroscopy ellipsometric (SE) analysis method is given in chapter

4.

The measurements were performed on both processed and unprocessed fused silica
samples using a Woollam variable angle spectroscopic ellipsometer (WVASE) at three
wavelengths: 633 nm, 1054 nm and 1550 nm, for all three processed rARSS samples, at

variable angle of incidence from 20 degrees to 90 degrees, in increments of 0.1 degrees.

The results are shown in the figure 3.22. Both ellipsometric parameter measurements
indicate a pseudo-Brewster angle, similar to that shown by an optical surface that is coated
with absorbing material on top. However, in our case, the surface transmittance is higher
than the planar (unprocessed) surface values, and there is no material dependent spectral

absorption observed at these wavelengths.

For the sample processed at 45 mTorr chamber pressure, both of the ellipsometric
measurements have large uncertainties, which result in large fluctuations in the polarization
signal ratio. This observation is related to the proximity of the 633 nm test wavelength to

the transmission enhancement asymptote (550 nm) and discussed further below.

The broadband spectral transmittance of optical wavelengths from 1000 nm to 1500
nm, at normal incidence for rARSS processed at chamber pressures of 30 mTorr and 45
mTorr are similar, as seen in figure 3.20 but the ellipsometric parameters y and A are quite
different for the two samples in the above spectral band, as shown in figure 3.22. The two
samples processed at chamber pressures of 30 mTorr and 45 mTorr have low normal

incidence transmission enhancement at 633 nm, as can be seen in the figure 3.20. This
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affects their light scattering at the above-mentioned wavelength, and thus reduces their

Fresnel specular reflection.

The sample processed at higher chamber pressure (45 mTorr) has higher scatter and
the ellipsometric measurements have more fluctuations. Also, the ellipsometric
measurements from all processed samples have fewer fluctuations at angles of incidence

greater than Brewster’s angle.
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Figure 3.22. Measured ellipsometric parameters y (top) and A (bottom) with respect to the angle of incidence
at 633 nm, 1054 nm, and 1550 nm wavelengths, for the three process pressures compared to an unprocessed
fused silica surface. The sampled angular increment is 0.1°. Both ellipsometric parameters change more from
the value of an unprocessed sample with increase in the process pressure. At low AOI, the polarized reflected
specular beam values measured are very low, as it is evident for the low processing chamber pressure sample
variations. Note the decrease of the pseudo-Brewster angle value with increasing process pressure at all three

probe beam wavelengths.

The point at which the slope of the plot for y versus AOI intersects the horizontal

line at vy =0 is the Brewster/ pseudo-Brewster angle. The Brewster angle for the
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unprocessed and the pseudo-Brewster angles for each processed sample was calculated at
each incident wavelength for all processing chamber pressures. The method used for the
calculation is shown in a representative figure 3.23, plotted for 1500 nm incident

wavelength.
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Figure 3.23. The Brewster's angle calculation from the plot of y versus angle of incidence at
incident wavelength of 1550 nm. (Left) The plots of versus angle of incidence for samples
processed with different parameters. (Right) Zoomed in portion of the figure on t the figure
on the left and the slopes intersecting the horizontal line at y = 0, showing the Brewster angle
for the unprocessed and pseudo-Brewster angles for the processed samples by dotted lines at

the intersections.

The Brewster angle for the unprocessed and the pseudo-Brewster angles for each
processed sample were calculated at the incident wavelengths as a function of processing
chamber pressures, and the results are tabulated in table 3.11 and they are plotted in figure

3.24.

As in the case of lossy media, we determine the pseudo-Brewster angle as the angle

of incidence for which the reflectivity polarization ratio is a minimum.
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Table 3.11. Brewster’s angle at incident wavelength for unprocessed and processed samples

Brewster Angle (°) at Incident Wavelength
Sample
1550 nm 1054 nm 633 nm
Unprocessed 55.2 554 55.5
Processed (15 54.8 54.6 545
mTorr)
Processed (30 525 50.2 46.3
mTorr)
Processed (45 52.4 485 44.2
mTorr)
60 T T T
‘(]'_; Brewster angle range (55.2° — 55.5°) for
_8: unprocessed sample
< 55 B TQ:" - 4
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Figure 3.24. Measured pseudo-Brewster angle at wavelengths of 633 nm (o), 1054 nm (o)
and 1550 nm (A), for samples processed at the chamber pressures indicated. The Brewster
angle value for unprocessed fused silica is shown as the horizontal asymptote. The pseudo-

Brewster angle increases as a result of the processing chamber pressure increase.
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For higher processing pressures, the pseudo-Brewster angle values decrease for each
of the wavelengths 633 nm, 1054 nm, and 1550 nm. We note that the values of the pseudo-
Brewster angles approach the Brewster angle asymptote for the unprocessed fused silica

substrate as the processing chamber pressure decreases.

The change in the slope of the cosine of the differential reflection phase shift at the
pseudo-Brewster angles for the samples processed at different chamber pressures
normalized to the same slope of the plane fused silica sample were calculated and are
shown in figure 3.25. It is evident from the figure that the slope increases nonlinearly with
an increase in processing chamber pressure for all the probe beam wavelengths 633 nm,

1054 nm, and 1550 nm.
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Figure 3.25. The rate of change of the differential reflection phase shift (OA / 90) at pseudo-Brewster
angles for fused silica samples processed at various chamber pressures. The rate of change increases
non-linearly with higher processing chamber pressures for each of the test wavelengths: 633 nm (o),
1054 nm (©) and 1550 nm (A).
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Finally, the rate of change of the differential reflection phase shift, with respect to the
angle of incidence at the pseudo-Brewster angle, was plotted as a function of the ratio of

maximum roughness depth to the incident wavelength (Rz/A), as shown in figure 3.26.
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Figure 3.26. The rate of change of the differential reflection phase shift (0A / 00) at pseudo-
Brewster angle for samples processed with various chamber pressures for different ratios of
average maximum roughness-to- incident beam wavelength (Rz/A). This rate change
increases with the increase in the values of Rz/A for 633 nm (o), 1054 nm (o) and 1550 nm

(A) wavelengths.

From this analysis, it can be observed that the rate of change of the differential phase
shift increases with the decrease in the ratio of R;/A. The fabrication window (shown by

the box on figure 3.26) correlates the processing parameters with Rz/A at which maximum
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transmittance enhancement occurs for an incident wave at normal angle of incidence. In
other words, we can estimate the phase shift produced by a processing parameter at which

the transmittance is maximum for a given spectral band.

In summary, three different random anti-reflective surface structures were fabricated
on fused silica, using ICP-DRIE method. The random surface roughness was induced using
different processing chamber pressures. The surface morphology characteristics, such as
roughness and feature size distribution, were measured and compared to the optical
transmittance of the samples. The normal incidence transmittance enhancement peak red
shifts and the maximum transmittance bandwidth widens as the processing chamber
pressure increases. The ellipsometric characterization on the sub-wavelength structured
surfaces showed that the spectral transmittance for normal incidence through the two
samples processed at different chamber pressures can be similar, but A can be significantly
different for the spectral band. We found a smooth transition of A with respect to the angle
of incidence (0;) for the air-substrate interfaces for fused silica rARSS. Since there is no
significant absorption loss for fused silica substrates at the test wavelengths (< 1550 nm),
the increase in the depth of the etched surface and generating the gradient-indexed sub-
wavelength profile of the fabricated surface could be accounted for the smooth transition

of the y and A curves, with respect to the angle of incidence.

We determined that the rate of change of the differential reflection phase shift at
pseudo-Brewster angle increases with the increase in wavelength of incident light, and it
also increases with the increase in the ratio of maximum roughness depth to the incident
wavelength (Rz/A). The etched layer thicknesses and refractive indices of the processed

samples were calculated using the ellipsometric data fitting method.
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Furthermore, we were able to estimate the processing parameters for the fabrication
of rARSS on fused silica surface at which a minimal Fresnel reflection occurs for a given

wavelength of light incident normally on it.
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CHAPTER 4 ANALYSIS AND SIMULATION OF OPTICAL PHENOMENA OF
THE FABRICATED SUBSTRATES

In this chapter, the transmissivity through fabricated random anti-reflective surface
structures (rARSS) on the plane fused silica samples have been simulated. The fabricated
surface is random in the sense that the surface structures are not periodic in any direction
and they do not have a fixed fill factor.

First, a short derivation of reflection and transmission of plane waves using Maxwell’s
equations is given to make a basis for calculation of transmissivity through multilayer
dielectrics, which is given in next section [1, 47]. We used LEXT confocal microscope to
measure the amount of substrate left at a measured depth from the ambient after ICP DRIE
through the thickness of the material. Then the calculation of material/void percentage of
the material using SE analysis at given thickness and the comparison of these parameters
with that calculated experimentally using LEXT confocal microscope is shown. An
introduction to spectroscopic ellipsometry is given and the necessity to use five-layer
method to simulate the transmissivity through the fabricated samples is also shown. Then
we used modified Bruggeman effective medium approximation to calculate the effective
refractive index of each layer of certain thickness at a given depth of the fabricated random
structures. The values of thickness and fill factor (and then refractive index) were verified
by spectroscopy ellipsometry (SE) analysis of the fabricated rARSS. Then using matrix
method of calculating transmittance and reflectance through multilayers of dielectrics, we

simulated the transmittance through the fabricated rARSS on plane fused silica samples



73
making use of the modified Bruggeman effective medium approximation and adding
scattering factor.

The simulated transmittance through the fabricated samples were compared with the
experimentally measured transmittance through the samples using CARY spectrometer.
The simulated and measured transmittance values were found to be in good agreement in
a broadband non-scattering region.

4.1 Reflection and Transmission of Plane Waves using Maxwell’s Equations

All the classical electromagnetic phenomena can be precisely described by

using the following four equations, known as Maxwell’s equations.

VXxE= -2 (4.1)
VxH=]+2 (4.2)
V-D=p (4.3)
V-B=0 (4.4)

The quantities used in the equations above are as follows:

E = Electric field intensity

H = magnetic field intensity

B = magnetic flux density

D = electric flux density
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p = volume charge density
J = electric current density

The constitutive equations, to solve Maxwell’s equations are the relationship between

B and H, and that between D and E, are given by
D=¢E= ¢, E+P (4.5)
B=uH= puyyH+M (4.6)

The quantities € and p are permittivity and permeability tensors respectively, P and M
are the electric and magnetic polarizations respectively. When an electromagnetic field is
present in a matter, the electric field induces a dipole polarization P and magnetic field
induces a magnetization M in the material. The quantities €0 and po are permittivity and

permeability of vacuum respectively.

Applying curl operator in equation 4.1 and 4.2 and then using equation 4.3 and 4.4 in

them, we get the electromagnetic equations as follows:

2p _ 0 PE _
V2E — ps 5= =0 4.7)
9%H
V2H — Uue 2z =0 (48)

The equations (4.7) and (4.8) are satisfied by monochromatic plane waves.

For the calculation of reflection and transmission through a layered media, it is
assumed that there is a continuity of some components of field vectors at the dielectric

interfaces between the layers. Let us consider a plane wave incident on the interface is
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partially reflected into the first medium and is partially transmitted through the interface

into the second medium.

Let the field amplitude of the incident, reflected and transmitted plane waves be
E;e/@t-kim) f eilwt-kr 1) gnd E, e/ (@t=ke 1) regpectively, where o is plane wave
frequency and ki, kr and k; are the wave propagation vectors for incident, reflected and

transmitted plane waves respectively.

Figure 4.1. Reflection and refraction of a plane wave incident on the boundary between two homogeneous,

isotropic, lossless dielectric media

Using the boundary conditions at the interface, the arguments of the field amplitudes

must satisfy the equation

(Ki. Nx=o = (Kr. Mxeo = (Ke. Mxeo (4.9)

Assuming the refractive indices of medium 1 and 2 to be n; and ny, the magnitudes of

the wave numbers would be
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ki| = |kr| = (w/c)n1 and |ki| = (w/c) n2 (4.10)

The equations (4.9) and (4.10) imply that all three propagation wave vectors (ki, kr and
k) lie in the same plane, which is called plane of incidence; and their tangential components

must also be equal to each other.

If the angle of incidence, reflection and transmission of the wave vectors with respect

to the normal of the plane interface, be 6, 6r and 6 respectively,

n,sin@; = ny;sinf,.= n,sinb; (4.11)
This gives

6; = 6, (4.12)

n, __ sinb;

n_1 " siné (4.13)

which is famously known as Snell’s law.

The superposition of the incident and reflected waves in each medium gives the

general solution of the wave equations (4.7) and (4.8), and these can be written as

_ {El exp(—iky.r+iwt)+ E'jexp(—ik';.7 + i wt), x<0

E,exp(—ik,.r +iwt)+ E';exp(—i k',.7r + i wt), X <0 (4.14)

where E1, E1, E2, and E2 are constant complex vectors; and ki, and k2" are the mirror
images of the wave vectors ki, and ko, with respect to the yz plane. In this case, E1 is the
amplitude of incidence, E1" is the amplitude of reflection, E2 is amplitude of transmission,

and E’ is the amplitude of reflection in the second medium which is zero.

The calculation for magnetic field vector from equations 4.7 and 4.14 gives
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H= ”LEV x E (4.15)

In case of s-wave (TE wave), the electric field vectors are perpendicular to the plane
of incidence and magnetic field vectors are in the plane of incidence. The magnetic field
vectors give a positive energy flow in the direction of the wave propagation, as shown in

the figure 4.2.

Let us consider a plane wave with wave vector ki and frequency o incidents on the
interface of the medium 1 and 2, as shown in figure 4.2. It partially reflects back in the
same medium 1, and partially transmits in the second medium 2. The wave vectors of
reflected and transmitted plane waves are ki” and k2. The permittivity and permeability of

the medium 1 and medium 2 are €1, u1 and &2, p2 respectively.

Suppose the incident wave vector ki makes an angle 61 and the transmitted wave

vector ko makes an angle 8. with respect to the normal to the interface.

€1, 1

€2, U2

Figure 4.2. Incidence, reflection and transmission of s-wave (TE wave)
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Applying the boundary conditions, the tangential components of electric and magnetic
fields at the interface x = 0 should be continuous. If these wave vectors are resolved into
independent parallel wave (with subscript p) and perpendicular (with subscript s)
components, it can be shown that these are independent of each other for homogeneous

and isotropic media 1 and 2.
The continuity of Ey and H; at the interface x = 0 gives

Els + Ells = EZS + EIZS (4-16)
%(Els — E';;)cos; = % (Eps — E'5) cos B, (4.17)

The equations (4.16) and (4.17) can be written in a matrix form as follows:

Els EZS
Ells EIZS

where the dynamic matrix of the s wave for the medium i (i = 1, 2) is given by

Ds(i) = \é Jij (4.19)

For the s-wave incident from the medium 1, the reflection and transmission

coefficients for a single interface are given by

Eqs

r, = (&)ngo (4.20)

Eqs

ty = (%)E'Zfo (4.21)
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There is only one boundary and the s-wave incidents on the boundary coming from
medium 1 and only the transmitted wave E»s exists in the medium 2. The incident s-wave
on the interface from medium 2 does not exist and is taken to be zero. Hence, we can write

E%=0.

Assuming u1 = uz, We get

nq cosf1—n, cosb,
r. = 4.22
S n4 cosf4+n, cosb, ( )
2n4 cos6
ty = — (4.23)

n4 cosfq1+n, cosb,

In case of p-wave (TM wave), the magnetic field vectors are perpendicular to the plane
of incidence and electric field vectors are in the plane of incidence. The magnetic field
vectors give positive energy flow in the direction of the wave propagation, as shown in the

figure 4.3.

€1, 1

€2, U2

Figure 4.3. Incidence, reflection and transmission of p-wave (TM wave)
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The continuity of E; and Hy at the interface x = 0 gives

(Elp + Ellp) C0591 = (Ezp + Elzp) COSQZ (424)

% (Elp - Ellp) = % (EZP - EIZP) (4'25)

The equations (4.24) and (4.25) can be written in a matrix form as follows:

Eip Eyp
E'sp E'zp

where the dynamic matrix of the p wave for the medium i (i = 1, 2) is given by
cosB; coso;
D, (i) = @ [= (4.27)
Hi Hi

For the p-wave, the reflection and transmission coefficients for a single interface are
given by

Elp

= (Eﬂ) (4.28)
E2p=0

t, = (E_v) (4.29)
E'2p=0

Elp
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There is only one boundary and the p-wave incidents on the boundary coming from
medium 1 and only the transmitted wave Ezp exists in the medium 2. The incident p-wave

on the interface from medium 2 does not exist and is taken to be zero. Hence, we can write

E% =0.
Again, assuming u1 = u2, We get

__ nyq cosf,—n; cosOy

= 4,

S n4 cosf,+n, cosfq ( 30)

to= 2nq cosfq (4 31)
s Ny cosO+n, cosby ’

The time averaged pointing vector for a plane wave of amplitude E, in a dielectric (so

that the refractive index is real), with a real wave vector (k) is given by

_ _k 2
S = " |E| (4.32)

The reflectance and transmittance of the s- and p- plane waves are given by

Ry = Iryl? (4.33)

R, = |rp|° (4.34)

Ty = 222 |t (4.35)

T, = facoste), (4.36)
rcos6,

The reflectance values at varying angle of incidences for a plane wave incident at an

interface of air (ny=1.0) and glass (n2=1.5) is given in the figure 4.4:
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Rp and Rs
o
&

Figure 4.4. Reflectance values (Rs and Rp) for a single interface dielectric.

4.2 Reflectance and Transmittance through Multilayered Dielectric Media
Let us consider an electromagnetic wave is incident on a multiple isotropic layered
dielectric media from ambient of refractive index no. A number of multiple homogeneous
dielectric films of various thicknesses and various refractive indices are coated on the top
of the substrate layer by layer. The refractive indices of N layers 1, 2, 3, ...., N are nz, Ny,
N3, ...... , Nn and the thicknesses are di, d2, d3, dg, ...... , dnrespectively. The refractive index

of the substrate is ns, as shown in figure 4.5.
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Figure 4.5. Reflection and transmission of electromagnetic waves through multilayer dielectric

medium

The thicknesses of the films are related as follows:

d3 = X3 - XZ >- (437)
dy = Xy — Xy—1 |
The refractive indices are related as
fno, x < XO
ny Xo < x<Xxq
n,, X1 < x <Xy
n(x) = < (4.38)
Ny, Xyog < x < Xy

\ng, xy < Xx
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The dielectric medium in z-direction is homogeneous, such that Z—:z 0. The

propagation of the electromagnetic wave is in x-z plane. The electric field of a general
plane-wave solution of the wave equation for either an s-wave (E || y) or a p-wave (H || y)
can be written in the form:
E = E(x)e!(wt=F2) (4.39)
where,  is the z component of the wave vector and o is its angular frequency.
Once the electromagnetic wave incidents on the interface, the electric field E(x) has

the components travelling up and down. These can be written as

Aoe—ikox (x=x0) 4 Boeikox (x—xo), x < Xg
E(x) — Ale—iklx (x—xl) + Bleiklx (X—Xl)’ xl—l <x < xl (440)
A'geksx (=) B1 giksx (mx), Xy < x

where tkix are the x components of the wave vectors, which can be written as

1
2 2
Ky, = [(nz 2) _ 52] . 1=0,1,23,....N,s (4.41)

Cc

If the ray angle is 6, then
ki, =mn % cosb, (4.42)
The coefficients Aj and B are the amplitudes of the plane waves at interface x = xi.
The electric field E(x) is continuous when represented as in equation (4.34), but it is
no longer continuous when it is decomposed into two parts (travelling up =
Aje~ix ®=xDand travelling down = Bjekix ®=*0 the decomposed parts are no longer
continuous at the interfaces. The two amplitudes of E(x) can be represented in column

vectors using dynamical matrices as follows:
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Ay Ay
( > B DO_lDO ( )’ B
B, B,

A Aryq
= PD,"'D;y,4 , 1=1,23,....,N
B, Bii1 )

In the relation (4.42), N+1 represents the s layer, An+1= A’s and Bn+1= B,

.. (4.43)

The dynamical matrices can be respectively written as

1 1
D, = < ) for s wave (4.44)
n;cosf; —n;coso;
and
cosf; cos0;
D, = < ) for p wave (4.45)
n; —ny

The value of P can be written as

et 0
P = < ), with ¢ = kixd (4.46)
0 e_i¢l

With the help of these matrices, we can write the relation between Ao, Bo and A, B

AO Mll M12 A,S
_ , (4.47)
BO M21 MZZ B,S

where the matrix is given by

as

Mll M12
( ) = Do_1 [H{V=1 D, Py Dz_l ] Dy (4-48)
M21 M22
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The reflection coefficient is given by

re(®) = (4.49)

The transmission coefficient is given by

As 1

e=(), .= (450)

Bs=0

where we defined A, = A’, B, = B'; and dropped the prime ().

Now the reflectance is given by

M3, 2

R=|r|*= "

, (4.51)

where it is assumed that the medium 0 is lossless.
When all the layers and the bounding media are pure dielectrics with real noand ns ,
and the incident and transmitted wave have real propagation vectors (with real 6o and real

6s), the transmittance is given by

T =

n, cosby | |2 — Mg cosbs |L |2 1 (4.52)

nocos6y nocosfy ' Myq
4.3 Ellipsometric Measurements and Data Analysis

We used ellipsometer to measure the ellipsometric parameters y and A of the three

samples which had optimized transmissivities in three different spectral regions. The

sample A had the maximum transmissivity in the visible region, the sample B had

maximum transmissivity in the near-infrared region, while the sample C had the maximum

transmissivity in the short-wave infrared region. These three fabricated samples were taken

as the representative samples for the simulations.
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4.3.1 Fundamentals of Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is a non-invasive, non-destructive optical metrology
where a change in polarization state of a beam of light that reflects from or transmits
through a sample is measured. with the goal being to extract information about the optical
properties and layer thickness of the sample. In particular, for a set angle of incidence, the
spectral dependence of the complex ratio of the amplitude reflection coefficients for the
two orthogonal linear polarization states (p and s), defined by rp/rs=tan ¥ exp(iA), provides
information on the multilayer film structure and on the complex dielectric functions of the
layer components. This non-invasive technique can be used for both in-situ and ex-situ
characterization of samples that could be as simple in optical structure as an uncoated bulk
substrate or a single layer on a bulk substrate, or as complicated as multiple layers in opto-
electronic devices [46, 48].

Ellipsometry in reflection mode provides a description of the ratio of the reflected to
incident wave polarization states, whereby each polarization state itself is defined as a ratio
of p to s complex field components. Equivalently, the measurement provides a description
of the ratio of complex amplitude reflection coefficients for the p and s waves. This latter

description is given in terms of the ellipsometric angles (y and A) as follows

p= :—i = lli—illexp[i (6rp — 8rs)] = tamp exp(id), (4.53)
where

% = tan! (%) (4.54)

A= 8y 6y (4.55)
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Hence, the ellipsometric angle y is a measure of the ratio (p-to-s) of the relative field
amplitude changes upon reflection (each described as a reflected-to-incident ratio), and the
angle A is the difference (p—s) in the phase shifts upon reflection (each described as a
reflected—incident difference). Thus, both angles describe the complex incident and
reflected electric field vector components vibrating parallel and perpendicular to the plane

of incidence.

plane of incidence

» semi-infinite substrate

Figure 4.6. Schematic of ellipsometric measurement on a multi-layer coating on a semi-infinite
substrate. Ellipsometric angles y and A measured from the sample is a function of complex index
of refractions for the component layers including the substrate, layer thickness, and angle of
incidence. Parameters of interest are derived from non-linear regression analysis by considering a

realistic optimal model representing the sample under measurement.

4.3.2 Ellipsometric Measurement and Analysis
In this paragraph, the samples prepared as described in chapters 2 and 3 were used to
measure the ¥ and A using the variable angle spectroscopic ellipsometer (VASE),
manufactured by J. A. Woollam (WVASE). The sample was put at angle of incidence of
zero degree to the incident beam. The measurements were taken at three different
wavelengths: 550 nm, 1054 nm and 1550 nm for each sample. The backside of the sample

was taped with a scotch tape so that the backside reflection was reduced to zero, making



sure that diffused reflection was not registered at the detector. The
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reflectivity was

measured in such a way that the detector receives specular reflection only. Each of the

measurement was taken from angle of incidence of 22 degrees to 90 degrees at an

increment of 0.1 degrees.
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Figure 4.7. Experimental versus model fit ellipsometric angles acquired at A = 1550 nm for four

samples: (a) unprocessed, (b) processed sample A, (c) processed sample B, and (d) processed sample

C are shown in the figure.

The figure 4.7 shows the experimental versus model fit of y and 4 acquired on four

different samples at beam wavelength, A = 1550 nm. First and foremost, bare substrate

which has been identified as unprocessed sample in this chapter was analyzed by

considering a semi-infinite bulk layer with surface roughness layer on top by considering

effective medium approximation (EMA). The EMA layer is considered to consist 50/50

volume fractions of bulk material and void. The dielectric function for the glass substrate

(unprocessed sample) is represented by the combination of Sellmeier equations. The

analytical expression commonly used to model the dispersion in the real part of a dielectric

function for transparent material can be expressed as,
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AE?
2
El - EZ

£=g,+ X2, (4.56)

where &10 IS a constant additive term to the real part of dielectric functions, Ai and E; are
the amplitudes and resonance energies of the two oscillators respectively that define (along
with ¢10) the Sellmeier equation. The figure 4.9 shows the optical model used for the
ellipsometric analysis and the parameters derived from the analysis. The point to remember
here is that the unprocessed sample was analyzed by considering the data collected at three
wavelengths which required using a dispersion relation in the real part of dielectric
function. For the analysis of rest of the samples as shown in Fig. 4.8 (b), (c), and (d)
ellipsometric data at 1550 nm were considered and dielectric function for the material is

fixed to the value obtained in the analysis of unprocessed sample.

substrate/void
(6.70.1/93.30.1)
surface layer-2: 377.6+2.1 nm

substrate/woid (50/50)
surface layer: 16.2+0.4 nm

substrate/void
(57.00.2/43.00.2)
surface layer-1: 274.1+0.5 nm

fused silica substrate
(semi-infinite)

fused silica substrate
(semi-infinite)

substrate/void
(5.8+0.1/94.2+0.1)
surface layer-2: 424.743.1 nm

(b) |

substrate/void

(56.5+0.2/43.510.2)
surface layer: 151.0£5.1 nm

fused silica substrate
(semi-infinite)

substrate/void
(53.940.2/46.1+0.2)
surface layer-1: 294.0£0.7 nm

fused silica substrate
(semi-infinite)

Figure 4.8. Optical model used for the analysis and structural parameters derived have been shown

in the figures for four samples: (a) unprocessed sample, (b) processed sample A, (c) processed

sample B, and (d) processed sample C are shown in the figure.

The roughness modulation in processed sample A is smaller as compared to that for

the processed samples B and C. Hence, the unprocessed sample and the processed sample
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A were modeled by considering a single roughness layer, as shown in figures 4.9 (a) and
4.9 (b) respectively. The processed samples B and C showed a higher degree of roughness
modulation and thus they required multi-layer surface roughness model that best
represented the samples under analysis, as shown in figures 4.9 (c) and 4.9 (d) respectively.

The figure 4.9 also depicts structural parameters derived from the ellipsometric analysis.

4.4 Modified Bruggeman Theory

The Bruggeman theory derived from Clausius-Mossotti relation has been modified to

calculate the refractive index of the medium at a given thickness.
4.4.1 One-dimensional Periodic Medium

Let us consider a one-dimensional periodic medium (such as, grating, that has the
period of A) is made by mixing two different dielectric media. Suppose the refractive index
of the medium 1 and medium 2 are respectively n1 and n; of the substrate. The zeroth order
effective medium approximation (EMA), in quasi-static limit (A >> A), has the periodic

scale independent form given by:

n = [0 (1= ffy) + 03 fofy (4.57)

where the fill factors of the dielectric media in x and y direction are fx and f, respectively.
For a non-periodic medium, composed of random distributions of “spherical particles”
of m materials, the zeroth order EMA, in quasi-static limit (A >> A), has the periodic scale

independent form, given by

Yomfn 2—=0 (4.58)

Emt2¢
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This 1s Bruggeman EMA for spherical “inclusions” in a medium with resulting index
n’=g.
For two materials (i.e. air and fused silica of refractive index n), the resulting effective

refractive index can be expressed as follows:

nerr = Ve = 2 VVOZ+8nZ - Q (4.59)
where, Q=n?-2)A—-f)+@—-2n?)f (4.60)

The simulated transmissivity obtained using five-layer method was closer to the
value of the experimental transmissivity through the fabricated substrates.

In more general form, the equation (4.58) can be written as

Ymfn Z—==0 (4.61)

em+le
where ¢ is an adjustable “structure” parameter, that can be expressed as
{=;-1;0<¢<1 (4.62)
and ¢ is a geometric factor ( £ = 1/3 for spheres and ¢ = 1/2 for disks).
Then the Bruggeman EMA for air and silica, we used ¢ = 1 and/or 2 values to build

a structure of variable fill factor ( f), such that each layer (made of silica disks in air) has

an effective refractive index:

VQ2+4in2- Qp
Mefs = 2—? (4.63)

where Q, = M2- A —-f,)+ @ —{n? f, (4.64)
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Figure 4.9. Random structured surface structure and its equivalent surface structure

The substrate structure with many layers of random structures and its equivalent thin

film layered surface structure can be shown in figure (4.9).

4.5 Simulation of Transmissivity through Fabricated rARSS

The thin film matrix formula for calculating the transmissivity was used to simulate
the transmissivity through the fabricated rARSS on planar fused silica. The simulated
transmissivity using formula (4.51) was compared to the experimentally measured
transmissivity from 300nm to 2200nm. Spectroscopic ellipsometry (SE) analysis was done
to determine the thickness and the amount of substrate left at the given thickness. We used
five layers of the fabricated rARSS on plane fused silica sample in SE analysis.

The tables 4.1, 4.2 and 4.3 show the comparison of the measured data using LEXT
confocal microscope with the data obtained by SE analysis for three processed samples

A, B and C respectively which were etched using different etching parameters.



94

Table 4.1. Measured Data of Sample A from SE analysis and by using LEXT confocal microscope

Data of Sample A from SE analysis

Substrate Material left after Etching (%) | Distance of the layer from ambient (nm)
0 0

5.49 32.38
25.72 63.84
54.15 80.73
77.32 102.14
95.42 112.52

100 154.20

Measured Data of Sample A from LEXT confocal microscope

Substrate Material left after Etching (%) | Distance of the layer from ambient (nm)
0 0
10 45.48
20 57.70
30 65.97
40 72.46
50 78.21
60 83.61
70 89.01
80 94.95
90 102.60
100 153.14
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Table 4.2. Measured Data of Sample B from SE analysis and by using LEXT confocal microscope

Data of Sample B from SE analysis
Substrate Material left after Etching (%) Distance of the layer from ambient (nm)
0 0
4.69 148.79
34.52 335.45
52.94 390.28
77.32 462.68
95.42 574.32
100 768.36

Measured Data of Sample B from LEXT confocal microscope
Substrate Material left after Etching (%) Distance of the layer from ambient (nm)
0 0
10 217.98
20 281.45
30 321.78
40 353.07
50 380.76
60 407.50
70 435.71
80 469.11
90 518.03
100 780.24
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Table 4.3. Measured Data of Sample B from SE analysis and by using LEXT confocal microscope

Data of Sample C from SE analysis
Substrate Material left after Etching (%) Distance of the layer from ambient (nm)
0 0
5.12 172.25
25.72 322.31
54.15 412.018
77.32 488.77
95.42 649.26
100 826.34

Measured Data of Sample C from LEXT confocal microscope
Substrate Material left after Etching (%) Distance of the layer from ambient (nm)
0 0
10 233.59
20 297.21
30 338.53
40 371.26
50 400.57
60 428.66
70 458.39
80 493.50
90 545.43
100 820.21
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The values of thickness and void/material percentage obtained by SE analysis were
compared with the values obtained experimentally measured values using LEXT confocal
microscope, as shown in figures 4.10, 4.11 and 4.12. They correspond to the values given
in the table 4.1, 4.2 and 4.3 respectively.

The material percentage of the fabricated sample A left at different five depths was
obtained using SE analysis. This is shown in the figure 4.10 (a). The material percentage
of the fabricated sample A at various depths obtained experimentally using LEXT UV
confocal microscopy is shown in the figure 4.10 (b). The material percentage of the
fabricated sample A left at different five depths obtained using SE analysis was compared
with that obtained experimentally using LEXT UV confocal microscopy were compared
with each other and they match perfectly with each other, using the conversion factor as
described in the figure 3.21 (b) obtained using AFM and LEXT.

Similarly, the material percentage left at different five depths after etching the sample
B was obtained using SE analysis. This is shown in the figure 4.11(a). The material
percentage of the fabricated sample B at various depths obtained experimentally using

LEXT UV confocal microscopy is shown in the figure 4.11 (b).
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Figure 4.10. (a) Material percentage left at different five depths obtained from SE analysis of the
fabricated sample A. (b) Material percentage at various depths obtained experimentally using LEXT
UV confocal microscopy. (c) Comparison of the measured value with the values obtained by SE

analysis.

The material percentage of the fabricated sample B left at different five depths
obtained using SE analysis was compared with that obtained experimentally using LEXT
UV confocal microscopy were compared with each other and they match perfectly with
each other, using the conversion factor as described in the figure 3.21 (b) obtained using

AFM and LEXT.
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Figure 4.11. (a) Material percentage left at different five depths obtained from SE analysis of the

fabricated sample B. (b) Material percentage at various depths obtained experimentally using LEXT

UV confocal microscopy. (c) Comparison of the measured value with the values obtained by SE

analysis.
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The material percentage of the fabricated sample C left at different five depths was
obtained using SE analysis. This is shown in the figure 4.12 (a). The material percentage
of the fabricated sample C at various depths obtained experimentally using LEXT UV
confocal microscopy is shown in the figure 4.12 (b). The material percentage of the
fabricated sample C left at different five depths obtained using SE analysis was compared
with that obtained experimentally using LEXT UV confocal microscopy were compared
with each other and they match perfectly with each other, using the conversion factor as

described in the figure 3.21 (b) obtained using AFM and LEXT.
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Figure 4.12. (a) Material percentage left at different five depths obtained from SE analysis of the
fabricated sample C. (b) Material percentage at various depths obtained experimentally using LEXT
UV confocal microscopy. (c) Comparison of the measured value with the values obtained by SE

analysis.

They show a very good agreement with each other as shown in the figures 4.10, 4.11
and 4.12 for three different samples processed at three different chamber pressures, keeping
other etching parameters fixed. These values were used in the modified Bruggeman theory
to calculate the refractive indices of the thin layers to be used in the formula (4.51).

The five-layer model used in the SE analysis of the fabricated rARSS is shown in

the figure 4.13.
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Figure 4.13. Five-layer model used in SE method for the analysis of thickness and fill factor of each
layer

The corresponding layer thicknesses used in the simulation are shown in the figure

4.14, 4.15 and 4.16 for the three samples discussed in figures 4.8 (b), 4.8 (c) and 4.8 (d).

Layer1=32.4+0.1nm

—\ Layer2 =31.4+0.1 nm

Layer3 =16.9+0.1 nm
Layer4 =21.4+0.1 nm

Layer5=30.5+0.1 nm

Semi-infinite layer
(Fused Silica)

Figure 4.14. Five-layer model used in SE method for the analysis of thickness and fill factor of each
layer of the fabricated sample A.
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Layer1=148.8+0.1 nm

Layer2 =186.7+0.1 nm

Layer3 =54.8+0.1 nm
Layer4 =72.40+0.1 nm

Layer5=101.64+ 0.1 nm

Semi-infinite layer
(Fused Silica)

Figure 4.15. Five-layer model used in SE method for the analysis of thickness and fill factor of each

layer of the fabricated sample B.

Layer1=172.3+0.1 nm

Layer2 =150.0+0.1 nm

\, Llayer3=89.7+0.1nm

Layer4=76.8+0.1 nm

Layer5=160.5+0.1 nm

Semi-infinite layer
(Fused Silica)

Figure 4.16. Five-layer model used in SE method for the analysis of thickness and fill factor of each

layer of the fabricated sample C.
These parameters were used in the multi-layer anti-reflective surface dielectric
medium simulation, and adding an appropriate scattering in the model, the transmittance

through the samples described above were simulated. Since the transmittance of the sample
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is between the transmittivities of the samples we are considering simulating. The
comparison of simulated and measured transmittances for the three fabricated rARSS on
fused plane silica samples B, is shown in the figures 4.18. The figure shows that the
simulated data using 5- layers matched with the experimentally obtained data in large part
of the wavelength region. But it is evident that the simulated data is drifted more in the
scattering region. A more robust scattering term suitable for a random surface is needed to

get more realistic matching of the data.
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Figure 4.17. Measured optical transmittance of samples A, B and C, and the unprocessed fused

silica sample

Also, the near infrared spectrum of the UV grade fused silica sample suffers the
transmissivity because of the hydroxyl absorption. This dip in the transmittance has not

been addressed in our simulations.
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The transmissivity data of the three one-side processed fused silica samples A, B and
C, and the unprocessed fused silica sample as measured by spectroscope is shown in the
figure 4.17.

The transmissivity data was simulated for sample B using the 5-layer model as

obtained by SE analysis and the comparison is shown in the figure 4.18.

100 ————-m—mm————r—+———r+——7—— T
T [ g
o &
< 90 '5? i
>
= o
=
3 s
L2
£
» 80F i
c e Unprocessed Sample Data
©
| .

— © Processed Sample B Data
Data from Simulation (5- layers)
70 .

300 600 900 1200 1500 1800 2100
Wavelength (nm)

Figure 4.18. Comparison of simulated transmissivity data with the experimental data using 5- layers
obtained from SE analysis

The simulated transmissivity data is in good agreement in the region higher than ~
850 nm, but it does not match below ~ 850 nm. In order to match the simulated data more
closely with the experimental data, more data points (i.e. the layer thicknesses) were used.
The new data points were obtained from the LEXT confocal microscopy as shown in the

figure 4.11. Since the data obtained from SE analysis and the data obtained using LEXT
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confocal microscope match perfectly with each other, more thickness layers obtained
experimentally using LEXT microscope were used. In figure 4.20, the comparison of
simulated transmissivity data with the experimental data using 10- layers.
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Figure4.19. Comparison of simulated transmissivity data with the experimental data using 10-
layers obtained from SE analysis

The simulated transmissivity data using 10 layers matched in larger wavelength
region than that using only 5 layers. In this case, the simulated data matched the
experimental data in the region higher than ~ 550 nm but did not match in the region where
the scattering phenomenon was observed, which was in the region lower than ~ 550 nm.

The transmitted data was multiplied with a scattering factor which is the function of
the average feature size of the nanostructures, wavelength and total roughness of the

structured surface.

The new relation for the transmissivity through the substrate was
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Ty, = T;[1—exp(—x)] (4.65)

where, T, is the transmissivity obtained using scattering factor, T; is the
transmissivity obtained using multi-layered model, and x is the scattering factor, which is
given by

x = f(4, R, D) where D is the average feature size of the structure.

Using the relation (4.65) in the data obtained in simulated value of figure 4.19 gives
the simulated values which are plotted in figure 4.21. It was simulated data of the processed
sample B, which matched very well with the experimental transmissivity data.

Similarly, the transmissivity data were simulated for samples A and C which are

plotted against the experimental data of the transmissivity in figures 4.20 and 4.22

respectively.
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Figure 4.20. Comparison of simulated transmittance with measured optical transmittance of sample
A using 10-layered dielectric substrate with scattering added.
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Figure 4.21. Comparison of simulated transmittance with measured optical transmittance of sample

B using 10-layered dielectric substrate with scattering added.
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Figure 4.22. Comparison of simulated transmittance with measured optical transmittivity of sample

C using 10-layered dielectric substrate with scattering added.



109

In summary, the derivation of reflection and transmission of plane waves using
Maxwell’s equations is given to make a basis for calculation of transmissivity through
multilayer dielectrics, which is given in next section. We used LEXT confocal microscope
to measure the amount of substrate left at a measured depth from the ambient after ICP
DRIE through the thickness of the material. Then the calculation of material/void
percentage of the material using SE analysis at given thickness and the comparison of these
parameters with that calculated experimentally using LEXT confocal microscope is shown.
An introduction to spectroscopic ellipsometry is given and the necessity to use five-layer
method to simulate the transmissivity through the fabricated samples is also shown. Then
we used modified Bruggeman effective medium approximation to calculate the effective
refractive index of each layer of certain thickness at a given depth of the fabricated random
structures. The values of thickness and fill factor (and then refractive index) were verified
by spectroscopy ellipsometry (SE) analysis of the fabricated rARSS. Then using matrix
method of calculating transmittance and reflectance through multilayers of dielectrics, we
simulated the transmittance through the fabricated rARSS on plane fused silica samples
making use of the modified Bruggeman effective medium approximation.

The simulated transmittance through the fabricated samples were compared with the

experimentally measured transmittance through the samples using CARY spectrometer.
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The simulated and measured transmittance values were found to be in good agreement in

a broadband non-scattering region.
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CHAPTER 5 CONCLUSION AND FURTHER WORK

Optical surfaces can be fabricated to act as an anti-reflective (AR) by coating single-
or multi-layered dielectrics on it. However, the optical response through these surfaces is
polarization- dependent and angle-dependent. Also, they degrade quickly on exposure to
environment and laser radiation. The alternatives to these coated AR surfaces are periodic
sub-wavelength AR structures fabricated on optical surfaces. There is no material
mismatch with the substrate in this case, contrary to that in the case of dielectric-coated
AR surfaces. The polarization-dependency and angle-dependency of optical response of
these structured surfaces is still an issue for some applications.

The optical surfaces fabricated with random AR surface structures (rARSS) have
been proved to be largely angle-independent and polarization-independent. They also
withstand higher power laser damage threshold. There is a limited amount of research done
in the area of fabrication and modeling of the rARSS.

We extended the research area in the fabrication of rARSS and added a physical
model which will be able to simulate the optical response of the fabricated rARSS and
relate it to the fabrication parameters. The fused silica substrates were etched using ICP
DRIE method. The etching parameters were investigated and optimized to get very high
transmittance (nearly perfect) from Visible to Short-wave Infrared (SWIR) region.

The fabricated samples were characterized using UV confocal microscopy, Scanning
Electron Microscopy, Atomic Force Microscopy, Ellipsometry and Spectroscopy. The

parameters obtained from these measurements were analyzed using Spectroscopic
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Ellipsometry (SE). Then a physical model was developed using to simulate the
transmissivity of the rARSS.

It can be seen from the analysis that the total roughness of the processed samples
increases with the increase in the etching parameters varied in the experiments: chamber
pressure, coil power, platen power, and etching time. The three representative wavelength
regions, at which the transmissivity of the etched samples was maximum, were in visible,
near-infrared, and in the short-wave infrared regions. These three samples were considered
to characterize, analyze and build a physical model to simulate the transmissivities of the
samples.

The processing parameters for the fabrication of rARSS on fused silica surface were
estimated at which a minimal Fresnel reflection occurs for a given wavelength of light

incident normally on it.

The etching parameters and the values obtained from the optical and physical
characterization of the processed samples were determined. Then, modified Bruggeman
effective medium approximation was used in the formula for the transmissivity of the
multi-layered dielectric media with appropriate scattering. The physical model simulated
the transmissivity of the representative samples, which matched very well with the
experimental transmissivity of the samples obtained.

This research can be extended to estimate and find the etching parameters of the
random anti-reflective surface structures needed in the higher wavelength regions, such as

in 8-12 um IR region or for millimeter region.



113

The application of in situ ellipsometry during ICP DRIE process could be used to get
more robust processing parameters for broadband antireflection (BBAR) by restructuring
an optical substrate with random surface on the it.

Also, the research can be extended to find the superhydrophobic random anti-

reflective surface structures on the plane as well on the curved surfaces.
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