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ABSTRACT

KARTEEK KUNALA. Optical Performance of Random Antireflection Structured
Surfaces on Optical Flats and Diffractive Components.
(Under the direction of DR. MENELAOS K. POUTOUS)

Random anti-reflection surface structures (rARSS) are non-periodic, densely packed,
sub-wavelength structures, fabricated on an optical surface. Light incident to such a
boundary propagates from superstrate to substrate through a gradient effective refractive
index profile, where the gradual transition reduces the reflective losses and increases the
transmission through the interface. The present dissertation mainly discusses anti-
reflection (AR) treatments on optical components by the implementation of rARSS. Two
fundamentally different rARSS fabrication technigques on planar substrates are featured,
for applications as optical windows in the visible and infrared (IR) wavelengths. The
rARSS were fabricated on fused silica (FS) flat optical windows, which were first
masked by a discontinuous metal layer, then followed by etching the substrate in a
reactive-ion (RIE) plasma process. The physical characteristics of the rARSS are
presented, such as, the effective depth and lateral dimensions of the random structures,
and the resulting spectral transmission performance. It was found that rARSS on FS act
as a broad-band anti-reflective treatment. Following, a different technique to create
rARSS on Cleartran Zinc Sulfide (ZnS) is presented, by irradiating the surface with a
high-power, nanosecond-duration pulsed laser, resulting in localized sputtering and re-
deposition in atmospheric conditions. The surface is characterized by measuring the
structure’s height and lateral dimensions. The surface is then analyzed for presence of

any contaminants, like zinc oxide (ZnO), due to the atmospheric conditions. The optical



performance tests show that rARSS on Cleartran ZnS acts as an AR treatment in the IR
wavelength region as well. Finally, the plasma-etching method, used previously on the
planar optical silica windows, was transferred to transmissive silica binary diffraction
gratings. Two pre-fabricated commercially available transmission gratings were used to
investigate the rARSS effects on their surfaces. A comparison study of the performance
of the original gratings (unprocessed) and the rARSS enhanced gratings is done, using a
multi-wavelength He-Ne laser (594nm, 612nm and 633nm), to measure the propagating
diffracted order angles and, individual reflection and transmission diffraction efficiencies
of all non-evanescent orders. The diffracted beams profiles were measured, to quantify
any effects after rARSS fabrication. Tests were also performed to measure the diffraction
efficiency at variable angles of light incidence (AOI), from 0° to 70°, to determine the
rARSS performance for AOI greater than 40° and, were compared to a single-layered AR
coated grating simulation. It is shown that the fabrication of rARSS on pre-existing
binary FS gratings was possible and produced the desired reduction in diffracted
reflection efficiency, and enhancement of the total diffraction transmission efficiency,
while maintaining the original diffractive properties of the pre-fabricated gratings. The
work verifies that rARSS are applicable to optical windows, as well as, diffraction
gratings, increasing their spectral transmittance, without any component performance

degradation.
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CHAPTER 1: INTRODUCTION

1.1 Anti-Reflection Treatments

When light travels through a boundary separating two materials with different
refractive index, a fraction of the light intensity is reflected. Fresnel equations account for
the reflected amount, which depends on the angle of incidence, refractive indices of both
media and, the polarization of the incident light (Eq (1) and (2)). This phenomenon can
be readily observed with many common transparent surfaces as well, such as: car
windows, cameras and display panels; as well as, specialized optical windows, sensors,

and laser high power optical systems.

nqcos0; — n, cos 0, nqcos 6, — n, cos 0;

ry = ; rp = (1)
n,cos6; + n, cos 0, n, cos 0, + n, cos 9;

¢ 2n,cos0; ; 2n, cos0; @
* nycos0;+ nycosO, ' P ny;cosf,+ n,coso;

In the Fresnel equations, the reflection coefficient “r” and the transmission
coefficient “t” are ratios of the reflected and transmitted electric field amplitudes to that
of the incidence wave electric field amplitude. The subscripts define the S (TE) and P
(TM) incidence polarizations. In each equation “6;” is the angle of incident wave and
“Bt¢” Is the angle of the transmitted wave with respect to the normal, where “n;” is the
refractive index of the incident medium and “n.” the refractive index of the transmitted

medium.

The power reflection coefficient (R) and the power transmission coefficient (T)

are:



n, cos 6,

R = 1'2; =
ul n4 cos 0;

|t]? (3)

Different techniques are used to reduce Fresnel reflections on optical elements.
The simplest solution to suppress these reflections can be achieved by depositing a thin
film of lower refractive index than the substrate, onto the element substrate. Thin film
coatings on optical surfaces (interfaces) act as an anti-reflective (AR) treatment, by
causing destructive interference between the reflected light from the top and bottom of

the thin film (Figure 1(a)) [1].
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Figure 1: Light incident on: (a) single layered AR thin film, (b) sub wavelength grating (SWG) structure and
(c) random AR surface structure (rARSS). The side inserts show the refractive index variation as a function

of vertical position from the superstrate, through the AR surface and, into the substrate.



AR thin films are designed for specific wavelengths. To induce destructive
interference between the reflected light waves from top and bottom of the thin film, a
phase difference of mr is required, for m restricted to odd integer value. The relative
phase difference between the waves, is a consequence of the optical path length

difference travelled by each of the reflected wave fronts. This occurs for a film thickness

of /4 and for an index of refraction of the film equal to \/ Nsuperstrate Msubstrate- FOT @

thin film, of thickness A/4 (quarter wave), interference for the transmitted and reflected
waves depends on the incident wavelength and angle. Simulation of a perfect anti-
reflective (PAR) thin film on fused silica (FS) substrate indicate that maximum
transmission can be achieved at the desired wavelength but has a reduced transmission
over a broad spectral bandwidth (Figure 2(a)), rendering thin film performance
bandwidth non-uniform [2]. Changes in angle of incidence (AOI), changes the optical
path length and the constructive interference of the transmitted wavefronts, reducing the
transmission intensity at higher incidence angles (Figure 2(b)) [3]. In many cases the
specific index required for a perfect AR thin film coating, does not exist and people
design multilayered thin film coatings. Multi-layered thin film coatings are often
preferred as an AR treatment, due to high-transmission efficiency and broad-band
designs, but their fabrication can be complicated due to repetitive layer depositions, and
their large total number of layers. Multi-layered AR thin film coatings contain a
minimum of two dissimilar materials, which further introduces thermal mismatches and

mechanical instability due to deposition-induced stresses in the interfacial regions.
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Figure 2: Simulated transmission of an ideal AR thin film (n=1.204) on Fused silica (n=1.450): (a) at normal
incidence (0° AOI) over a wavelength range of 0.3 — 1.8 um and (b) at 633 nm wavelength over 0° to 90°
AOI, for both incident light wave polarization states. Both the plots show the transmission of bare fused silica

as FS for comparison.

An alternative to conventional AR thin film coatings are periodic sub-wavelength
gratings (SWG) fabricated on the substrate’s surface, also known as anti-reflection

surface structures (ARSS) or “Moth Eye” structures.

The general grating equation determines the transmitting and reflecting orders

through a grating, given by:

sin@,, —sin8; = m(1/A) (4)

Where light propagating at an incident wavelength “A” enters the grating, with a
period of “A”, at an angle “8;” with respect to the grating normal, and transmits “m "
orders, each at an angle of “6m” relative to the grating normal. This equation must be

satisfied for an order “m” to propagate through the grating, where “m” is an integer.



From equation 4, for wavelengths (M) greater than the period of the grating (A), at
normal incidence (8i =0°), only the 0" order transmits and reflects, all other orders
become evanescent. This condition can be used to define a sub-wavelength grating.
Optimizing the height of the grating, such that a linear change in the refractive index
occurs across the interface (Figure 1(b)), rather than a step index change (Figure 1(a)),
reduces the Fresnel reflection to act as an AR surface [4, 5]. For wavelengths (A) less than
the period of the grating (A) at normal incidence (8 =0°), higher diffraction orders
become non-evanescent reducing the transmission intensity of the 0" diffraction order,
which is now considered a super-wavelength grating. The simulation results of a 500nm
period linear grating on fused silica shows how the grating acts as SWG for A > 500nm
and super-wavelength grating for A < 500nm. The transmission intensity of the 0" order
versus incident wavelength in Figure3 (a) shows a high intensity for A > 500nm, acting as
a SWG and for A < 500nm the transmitted intensity reduces for the 0™ order, due to
higher diffraction orders becoming non-evanescent, acting as a super-wavelength grating.
The transmission intensity of the SWG also depends on the AOI. Due to reduced
diffraction efficiency of the propagated orders at higher AOI, the total transmission

intensity of SWG reduces (Figure 3(b)) [6].
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Figure 3: Simulated Oth order transmission of a 500nm period linear SWG on Fused silica (n=1.45) (a) at
normal incidence (0° AOI) over a wavelength range of 0.2 — 1.0 um and (b) at 633 nm wavelength over 0°

to 90° AOI. Both plots show the transmission intensity for S and P incident light wave polarization states.

Random anti-reflection surface structures (rARSS) are a different solution to AR
treatment. These are random (non-periodic), densely packed, sub-wavelength structures
fabricated on the substrate’s surface. The incident light sees a gradient effective refractive
index change from superstrate to the substrate, due to the gradual increase in the ratio of
glass to air volume (Figure 1(c)). An effective medium layer model can be used to
approximate the random structures for analysis purposes, where the effective gradual
transition in refractive index value from ambient to substrate, reduces the reflective losses
and increases the transmission through the interface [7]. The height of the random
structures determines the range of wavelength for which the random structures act as an
AR treatment. Increasing the height of the structures shifts the maximum enhancement to
a longer wavelength region. Reports by Douglas S. Hobbs, et. al [8] have indicated wide
broadband transmission enhancement achieved by random AR structures on borosilicate
glass, fused silica, plastic and silicon in visible region. Recent reports by Byron Zollars,

et. al [9] have indicated high transmission due to random structures on ZnS and ZnSe



windows over broad spectral ranges from near-IR to far-IR, over a range of incidence
angles from 0° to 70°. Figure 4 (a) shows the measured transmission intensity of fused
silica (FS) substrate at 0° AOI, post and pre-processing of rARSS. The random structures
on fused silica gave rise to a broadband enhancement with maximum intensity at 633nm
wavelength. Figure 4 (b) shows the transmission intensity for both S and P incident
polarizations for variable AOI at 633nm incident wavelength, where the original FS
substrate is compared to the rARSS processed substrate [10]. The rARSS processed
substrate gave a high transmission intensity to about 55° AOI with similar transmission
for both S and P incident polarizations [10, 11]. This polarization insensitivity at a high
AOI was observed only for rARSS surface treatment, whereas for thin film and SWG, the
polarization splitting starts at around 30° AOI. The random structure’s thermal and stress
properties are identical to the substrate as they are fabricated into the surface of the
substrate, resulting in a AR surface which can work under varying temperature and

environmental conditions [12, 13].

(a)1-00 (b)1.00
0.98 0.95 }
c c ]
S 0.96 co09 }
%) 7} ]
2 %) ]
& 004 §oss t
c c ]
G o ]
F 0.92 F o080 } \Fs
; 633 nm " b
0.90 N N N N 0.75 ~HHHHHH
300 550 800 1050 1300 1550 1800 0 10 20 30 40 50 60 70

Wavelength [nm] Angle of Incidence [°]

Figure 4: Measured transmission of rARSS on Fused silica (n=1.45) (a) at normal incidence (0° AOI) over a
wavelength range of 0.3 — 1.8 um and (b) at 633 nm wavelength vs AOI, for both incident light wave
polarization states. Both plots show the transmission of bare fused silica as FS for comparison.



1.2 Fabrication Techniques

The fabrication techniques for SWG structures is more complicated compared to
that of the random surface structures. Figure 5(a) depicts the general fabrication process
of periodic subwavelength structures onto a substrate. To realize a SWG, the substrate is
first coated with a photosensitive polymer (photoresist) and lithographic techniques are
used to expose the image of the periodic geometry on the resist. The photoresist mask can
be created using either direct exposure of the photoresist or by using an interference
pattern projection. The resist lithograph is then etched to transfer the pattern into the
surface of the substrate, and any remaining resist is stripped off, leaving a periodic

structure onto the substrate [14].
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Figure 5: (a) Flow diagram depicting the general fabrication process of periodic subwavelength structures

onto a substrate [14]. (b) Fabrication technique used in the present work to create rARSS structures on fused

silica substrates.



For rARSS structures, a variety of fabrication methods has been investigated to-
date, on many types of substrate materials [8, 14-16]. The fabrication methods can be
grouped into two large classes, “bottom-up” and “top-down”. Nanostructures are created
using “bottom-up” methods by different growth techniques like solution processing [17],
and physical or chemical vapor deposition (CVD) [18, 19]. The “top-down” methods use
wet or dry etching to transfer these structures permanently into the substrate. The etching
process can be done either with or without prior masking [2]. Fabrication of anti-
reflective microstructures has been reported for optical windows in the visible
wavelength, such as fused silica and silicon [8] to infrared wavelength optical windows
ZnS and ZnSe, using reactive ion etching (RIE) and inductively coupled plasma (ICP)
etching processes, with or without metallization masking [9]. The structures have also
been created on borosilicate glass and plastic polymers, and various IR optical windows
[8, 13-15]. Certain groups have reported a technigue where nanostructures have been
created by self-masking using specific plasma two-cycle passivation-etching processes

[20, 21].

Figure 5(b) represents the technique used in this dissertation to fabricate the
random nanostructures on FS. The fabrication process involved the deposition of a thin
discontinuous layer of gold (<20nm) as a partial mask using a sputter deposition system.
The discontinuous layer of gold is used to initialize the random etch process. A reactive-
ion plasma etching step followed, using a mixture of SFe and O2 gas plasma. The surface

post-processing showed that no gold on the surface was left after the plasma etch was



completed, resulting in a random structured surface on the substrate. A detailed

discussion about the etching parameters of the RIE process is included in Chapter 2.

1.3 Optical performance characterization methods for rARSS

There are many techniques to quantify the effectiveness of an anti-reflective
treatment onto an optical substrate. It sometimes depends on the desired application of
the optical component on which we fabricate these structures. The overall goal is to
achieve transmission intensity enhancement, over the desired wavelength range. For
example, in the case of optical windows, enhanced transmittance is required over specific
wavelength bandwidths, at selectable AOI and light polarization states. For optical
components with focusing capabilities such as lenses, it is important to observe what the
rARSS structures does to the profile of the incident beam as it passes through the optical
component. And for diffractive optical components such as gratings, their diffractive
performance such as the angular separation of the orders, period and duty cycle should

not change due to rARSS fabrication.

Previous work by members of our group have verified that the fabrication of
random subwavelength structures onto the substrates act as an AR treatment. They were
successful in creating random structures on fused silica optical windows with a
broadband enhancement. It was shown that the enhancement occurs for variable AOI and,
polarization insensitivity was achieved for a very high AOI [10, 11]. Courtney Taylor’s
dissertation work included the fabrication of these random structures on 1 diameter

lenses. She did a detailed analysis of the effects of rARSS as an AR treatment on curved
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substrates [22]. The work done by Abigail Peltier was concentrated on fabrication of
rARSS on microlens arrays (MLAS). She was successful in getting an enhanced

transmission and did a detailed study on the effects of rARSS to the MLA beam profiles.

In this dissertation, transmission measurements were taken at normal incidence,
over the broadband transmission wavelength range of the optical window. It is important
to show that an enhancement in the transmission intensity is observed due to the rARSS
treatment and not just a reduced reflection intensity. As reduced reflection intensity might
result in increased scattered light, and not enhancing the specular transmission. All the
transmission measurements were made for unprocessed substrates before fabrication of
rARSS, to have a reference and to compare the data after AR treatment. Specific details
of the spectrophotometers used to measure the transmission will be discussed in chapter

2.

For the diffractive optics, as the incident light separates an angular spectrum of
different diffraction orders, a He-Ne laser was used as a source instead of a
spectrophotometer. A standard photodiode power sensor was used to measure the
intensity of the diffracted orders, and CCD camera beam profiler was used to compare
the beam profiles of the incident light, when passed through the unprocessed and rARSS-
processed optical components. This was done to get a complete understanding of the
effects of the random structures on optical components. To quantify the dimensions of the
structures created on the substrate, a UV confocal microscope was used to measure the
height (R;) of the structures and, granulometry was used to quantify the size distribution
(lateral dimensions - S (x,y)) of the random structures [23]. Scanning electron microscope

(SEM) images of the rARSS substrates were obtained and the high-resolution images
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were used to quantify the lateral size of the random structure. The granulometry program
processed the SEM images, to obtain the distribution of various sizes of pixel clusters.
SEM images give details regarding the lateral dimensions of the random structures, via
image processing numerical operators such as: erosion and dilation, opening and top-hat
transform, used to find the boundaries of the fine random structures. Image filtering
techniques like salt and pepper filtering, ASF (Alternating sequential filtering) and
opening filters are used to remove the noise from SEM image [23]. This technique is used
to create a histogram to show the size distribution of the structures present on the surface.
The calculation results in an average lateral size dimension of the random structures and

their percent area coverage.

The scattering of the random surface depends on the structures height (Rz) and the
structure size distribution in the plane of the substrate (X, y). The enhancement in
transmission due to the random structures depends on scattering through the structure
which varies with the structure parameters. Low scattering is desired for an enhancement

in the transmission for the random structure to act as an anti-reflective surface.

1.4 Application of AR treatment on Diffraction Gratings

Most reported work on rARSS has been limited to planar surfaces, such as optical
windows. Some reports are available for lens surfaces as well [22, 24, 25]. Diffractive
elements, such as gratings, also have Fresnel reflection losses. Diffraction gratings have
been widely used as spectroscopic components, laser tuning, optical pulse compressing

devices and beam splitters. The goal is to reduce back scattered reflections from the
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diffractive optical components to enhancing the propagating transmission intensity in the

optical systems.

A common technique to fabricate diffraction gratings is by micro-lithographic
techniques. Where the substrate is coated with a photosensitive material and the required
pattern is created on the photoresist by lithographic techniques, which is then transferred

into the substrate by dry etching using reactive ion plasma.

Deposition

1 Conformal AR coated grating
A (period)

)

Original grating (b)

Non-isotropic AR coated grating

Figure 6: General depiction of deposition technique to fabricate: (a) Conformal AR coated grating and (b)

Layered AR coated grating.

Reduction of reflectance from dielectric gratings can be accomplished using thin-
film coatings by a variety of deposition methods, such as: ion-beam sputtering (IBS),
atomic layer deposition (ALD) [26-29], layer-by-layer assembly [30], plasma-enhanced
chemical vapor deposition (PECVD) [31], or physical vapor deposition (PVD) [32]. The
coatings vary from conformal, as in the case of atomic layer deposition (Figure 6 (a)), to
layered without sidewall coverage, as is the case of physical vapor deposition (Figure 6

(b)). In all cases the AR coating should be considered as part of the grating design, as it
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will perturb the grating’s diffractive performance by the introduction of the deposited
dielectric layers [33]. The goal is to fabricate rARSS structures on gratings as an anti-
reflective treatment, to suppress Fresnel reflectivity and enhance transmission, while

retaining the diffractive properties of the original unprocessed grating.

Few reports are available on fabrication of tapered (cone-shaped) subwavelength
nanostructures, integrated on the surface of a microscale diffractive element. While they
have achieved a very low reflection loss with periodic patterns on top of the gratings, the
fabrication process included photoresist spin coating, etching (masking using
lithographyy), followed by mask removal for the subwavelength nanostructures, then a
repetition of the fabrication cycle in order to fabricate the diffractive grating itself [34].
No experimental work has been found in the literature to-date, where an AR treatment
has been presented for pre-fabricated diffraction gratings. Some of the work present in
this dissertation describes an AR treatment for pre-fabricated, commercially available,
binary gratings. This also increases the scope of AR treatment on other existing and
available diffractive elements like holograms, spot array generators and Fresnel lenses

(Figure 7).

(a)[ MII

Figure 7: Various diffractive optical components: (a) Binary diffraction grating, (b) Fresnel lens, (c) 1-

dimentional and (d) 2-dimentional Spot array generators.
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1.5 Dissertation Overview

The present work discusses anti-reflection treatments on optical components by
fabrication of random surface structures. Chapter 2 presents fabrication of rARSS onto
FS and Cleartran ZnS optical windows, and how that affects their performance. The
rARSS were fabricated on FS substrate by depositing a thin layer of gold, then etching
the substrate using a Fluorine plasma RIE process. A comparison in the spectral
transmission is made for various etch times, to achieve maximum transmission
enhancement in the visible wavelength region (300-800nm). The physical characteristics
of the rARSS were measured to get an estimate of the effective depth and lateral
dimension of the random structures. The effective depth is measured using a confocal
microscope and, the lateral dimensions were studied using scanning electron microscopy
and granulometry image processing techniques. It is shown that rARSS on FS acts as a

broad-band anti-reflective treatment.

Chapter 2 also explores a different fabrication technique used to create rARSS on
Cleartran ZnS optical windows, where any etching or lithographic processes were not
involved. The technique involves irradiating a Cleartran substrate with a high-power,
nanosecond-duration pulsed laser, resulting in localized sputtering and redeposition, in
atmospheric conditions. Micro and nano-structures are formed on the surface of the
substrate, and consequently act as an AR treatment. The surface is characterized by
measuring the structure’s height and lateral dimensions, just as in the FS-etched surface.
The surface is analyzed for presence of any contaminants like zinc oxide (ZnO), due to

irradiation in atmospheric conditions. The optical performance tests were carried out in
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the IR wavelength region and it is demonstrated that rARSS on Cleartran ZnS acts as an
AR treatment. The goal of Chapter 2 was to show two fundamentally different techniques
to fabricate rARSS on two planar substrates that are used as optical windows for visible

and IR wavelength applications.

Chapter 3 expands the work from planar optical windows to diffraction gratings.
This chapter focuses on characterizing the optical performance of near-wavelength binary
fused silica gratings, with rARSS optimized for flat FS substrates. Two pre-fabricated
commercially available transmission gratings were used to investigate the rARSS effects

on diffraction gratings.

The fabricated rARSS on fused silica diffraction gratings were characterized
using scanning electron micrographs to observe the differences in the surface of the
grating post-and pre-rARSS fabrication. A comparison study of original gratings
(unprocessed) and the rARSS enhanced gratings is done by using a multi-wavelength He-
Ne laser to measure the propagating diffracted order angles and individual reflection, and
transmission diffraction efficiencies of all orders. The intensity profile of the propagating
diffracted beams is measured, to quantify any effects after rARSS fabrication. The work
presented includes measurements at three incident wavelengths (594nm, 612nm and
633nm), three angles of incidence (normal, 1%t Bragg and 2" Bragg) and, both S and P
polarization states. The surface is then characterized using granulometry, to obtain the
lateral feature sizes of the rARSS. This was done to observe any differences between the

structural size of the rARSS in the grooves (bottom) and the top of the grating surface.
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Further the study includes performance measurements of the gratings at a varied
angle of incidence from 0° to 70°. This was done to determine the gratings optical
performance due to the random profile for AOI greater than 40°. A perfect single-layered
anti-reflective (SLAR) grating was simulated and its optical performance was compared

to the measured data of rARSS processed grating.

Chapter 4 of this dissertation contains the final conclusions drawn from the work
presented in Chapters 2 and 3. It also discusses some potential future work that could be

explored from the results of the work presented here.
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CHAPTER 2: RANDOM ANTI-REFLECTION STRUCTURED SURFACES ON FLAT
OPTICAL WINDOWS (FUSED SILICA AND CLEARTRAN)

2.1 Introduction

In this chapter, methods of fabricating rARSS onto fused silica (FS) and Cleartran
Zinc Sulfide (ZnS) optical windows are studied. In section 2.2, rARSS were fabricated on
fused silica substrates using gold (Au) masking and reactive-ion etching (RIE). Results
are shown for spectral transmission of the rARSS FS substrate in visible wavelength
region (300-800nm). The resulting rARSS population and the structure dimensions has
been studied using scanning electron microscopy and granulometry image processing
techniques. This section compares results between samples processed for different
etching times, to relate fabrication process to transmission enhancement values. In
section 2.3, a new technique for rARSS fabrication on Cleartran ZnS is introduced. The
technique involves irradiating a Cleartran substrate with a high-power laser pulse,
resulting in sputtering and redeposition. This creates micro and nano-structures on the
surface of the substrate, that act as an AR treatment in the infrared (IR) wavelength
region. The surface is then analyzed for presence of any contaminants, like zinc oxide
(Zn0O), due to irradiation in atmospheric conditions. The structure’s height and lateral
dimensions are then measured using a UV confocal microscope and scanning electron
microscope, to better understand the structural properties of the rARSS fabricated on
Cleartran. Section 2.4 summarizes the fabrication techniques, optical performances, and

presents conclusions on the effect of rARSS on FS and Cleartran.
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2.2 Fused Silica

2.2.1 Introduction

As discussed in chapter 1, there are various fabrication techniques to create
random structures on FS optical windows. The process used in the thesis is a two-step
process, where Au is sputtered on FS substrate, which is then etched in a RIE plasma to

create the rARSS surface.

RIE is a dry plasma etching technique, powered by a radio frequency (RF) driven
electromagnetic plasma. The chamber contains two electrodes (coil and platen), with the
substrate resting on the bottom electrode (platen). A mixture of gases is required to etch,
depending on their reactivity with the specific substrate. FS substrate reacts with fluorine-
based gases, such as sulfur hexafluoride (SFs), trifluoromethane (CHF3), and
octafluorocyclobutane (C4Fs). The plasma is generated by the RF power source between
the two electrodes. The F gas is attacked by the plasma electrons to generate neutral
radicals (F) and ions (F-"). The radicals diffuse towards the substrate and adsorb onto the
surface. The ions accelerate vertically and bombard the substrate. These radical and ion
bombardment onto the substrate surface produces SiFs4, which desorbs and gets removed
by the outflow of gases. The complete etch process depends on the operating parameters
such as: chamber pressure, plasma power, RF frequency, bias potential across the
electrodes, flow rate, composition of the gases, and the temperature of the platen.

Depending on the type of etch and the substrate, the processes parameters are chosen
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accordingly to achieve high etch rate, uniformity, selectivity and required shape of the

features etched into the substrate [35-38].

It must be noted that the process parameters vary from one specific tool to
another. Our lab group has been successful in past efforts fabricating rARSS on FS using
the Plasma-Therm 7000 etcher. The fabrication of rARSS on FS substrates, and the
process optimization in this chapter was achieved using an STS advanced oxide etcher
(AOE) tool. Although the initial processes variables from the previous tool were used for
guidance, the final process parameters on AOE were completely different from that of

Plasma-Therm 7000.

2.2.2 Fabrication of rARSS on Fused Silica

The initial step of the fabrication process involved a deposition of thin layer of Au
on the FS substrate, using an AJA sputter deposition tool (ATC 1800-F). The thickness of
the Au layer was kept less than 20nm to act as a partial discontinuous mask. This non-
uniform (random) mask is used to initialize the random etch process. The Au coated FS
substrate is then etched using an STS-advanced oxide etcher (AOE), in a mixture of SFe

and O- gas plasma.

Table 1 gives the various process parameters used to etch FS substrates. The coil
power was set to zero for all processes, to get a diffused plasma, so that the ion
bombardment is not very strong on the surface of the substrate. The etch time was varied

from 25 to 75 min to observe any variation in transmission enhancement.
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Table 1: Etching process parameters of the RIE to fabricated rARSS on FS substrate. Four samples have been

etched for varying etch times.

Parameters
Platen Power 60 W 60 W 60 W 60 W
Coil Power ow ow ow ow
SFs Flow rate 50 Sccm 50 Scem 50 Scem 50 Scem
O2 Flow rate 5 Scecm 5 Scem 5 Scem 5 Scem
Pressure 24 mT 24 mT 24 mT 24 mT
Temperature 20°C 20°C 20°C 20°C
Etch Time 75 min 40 min 30 min 25 min

2.2.3 Surface analysis and confocal microscopy of rARSS on Fused Silica

Roughness measurements were carried on the irradiated regions using a UV
confocal microscope (OLYMPUS OLS4000). Two roughness quantities, R; and Rq, were
measured. R; is the max peak-to-valley (pi, vi) roughness of the surface described by
Equation 5. It gives the maximum height of the structured pattern, while Rq is the root
mean squared (RMS) roughness of the surface described by Equation 6. It represents the
standard deviation of the height distribution of the structured pattern [39]. Figure 8 shows
a general depiction of the difference between the maximum and RMS height of a random
surface profile. Where pj is the height of each peak, vi is the depth of each valley and vy is
the height of each point in the random surface profile.
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Figure 8: Depiction example of the difference between the maximum (Rz) and RMS (Rq) height of a random

surface line profile.

Figure 9 shows the bearing area curve of a surface to describe the effective depth

of the roughness created on a substrate. It shows the percentage of material present at

each height, when measuring from air (0% material) into the substrate (100% material). It

is an indicator of the change of refractive index from air to the substrate. Having a high

slope for the linear region, gives a smoother transition of refractive index leading to low

reflection and more transmission enhancement.
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Figure 9: Depiction example of a bearing area length curve showing the percentage of material present for

varying height into the substrate.

Microscope images have shown a modification of surface after fabrication of
rARSS on fused silica substrates (Figure 10). For the 25min etch time (maximum
enhancement substrate: discussed in Section 2.2.4) the measured value of R; was

0.509um and Rq was 0.053 um.

lens:MPLAPONLEXT100
Zoom:1X

Figure 10: UV confocal microscope images of an unprocessed fused silica (left) and rARSS processed with
25min etch time (right).
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The bearing area curves were compared for different etch times (Figure 11). It

was observed that as the etch time increases, the depth into the substrate increases for 25,

30 and 40min. But for the 75min etch, the surface becomes smooth again, reducing the

roughness due to overexposure of the substrate to the plasma.
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Figure 11:Bearing area length curve showing the variation with varying etch time.

2.2.4 Optical Performance of rARSS on Fused Silica

Optical transmission measurements were conducted on the rARSS FS substrates.

Transmission of an unprocessed FS substrate was also measured, to compare with the

etched FS substrates. The transmission measurements were made at normal incidence

(0°), across the 300 — 800 nm wavelength region. Figure 12 shows the transmission plot

of the substrate with varying etch times and the theoretically possible maximum
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transmission. The graph displays transmission of FS substrate processed with rARSS on
only one side of the substrate. The measurements show a blue shift for the scattering edge
with decreasing etch time, as well as, increasing transmission enhancement values in the
visible (VIS) and near-infrared (NIR) wavelength regions. A similar effect was observed
for the bearing area curves (Figure 11), where 40min had the maximum depth into the
substrate, due to which the maximum enhancement shifts towards the higher
wavelengths. And for the 75min etch, the roughness change was less as shown in Figure
11, due to which no enhancement was observed either. The maximum enhancement was
observed for a 25 min etch time with 96.5% transmission from 500 — 800 nm wavelength
region, which is the theoretical possible maximum transmission for a FS substrate with

AR treatment on a single surface with Fresnel reflectivity of 3.5% on the other surface.

0.99 Single side rARSS processed

0.98
0.97
0.96
0.95
0.94
0.93
0.92
0.91

0.9

- Maximum transmission

Transmission

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 12: Measured spectral transmission for fused silica substrate with rARSS fabricated on a single surface
of the substrate. Five different substrates are shown, an unprocessed (Blank) FS substrate and 4 samples with
different etch times. The measurements were taken at normal incidence (0°). The black dashed line indicates

the theoretically possible maximum transmission for a single side rARSS processed FS substrate.
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The 25 min etch time process was used to fabricate rARSS on both the sides of a
FS substrate, to observe the maximum transmission enhancement possible. Figure 13
shows the transmission plot of the substrate with both the sides processed and
theoretically possible maximum transmission (100%). Spectral transmission
measurements from 300 nm to 2100 nm at normal incidence (0°) were made using a Cary
5000 (Varian) ultraviolet-visible-near-infrared dual-beam grating spectrophotometer. A
maximum of 7% transmission enhancement was observed with more than 99%

transmission achieved across 500 — 800 nm wavelength region.
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Figure 13: Measured spectral transmission for fused silica substrate with rARSS fabricated on both surfaces
of the substrate. Two different samples are shown, an unprocessed (Blank) FS substrate and a 25 min etched
sample. The measurements were taken at normal incidence (0°). The black dashed line indicates the

theoretically possible maximum transmission.
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2.2.5 Scanning electron microscope images and Granulometry

Scanning electron microscope (SEM) images of the rARSS processed FS surfaces
were taken using a RAITH150 scanning electron microscope. A representative top-down
SEM image of the rARSS processed FS substrates is shown in Figure 14. The random

nanostructures were obhserved across the entire surface of FS substrate.

Raith 150 1pm EHT = 8.00 kV Signal A = InLens Date :21 Jun 2018

Mag= 2000KX |———WD= 7mm Time :14:23:46

Figure 14: Sample scanning electron micrograph of rARSS fabricated on FS substrate, using a RIE process

with a 25min etch time, listed in Table 1.

The top-down SEM images were used to analyze the lateral dimensions of the
random structures created on the surface. To quantify the size distribution, granulometry,
an image processing technique was used. The program counts the number of different
sizes of bright pixel clusters (granules) present in an image, which are called islands, and
the dark pixel clusters called voids. With regards to the actual random surface, islands are

the fused silica structures, and voids are the empty space (air) in-between those

27



structures. Both islands and voids are counted separately using gray-scale inversion of the

SEM images [23].

The granules used for classification selection were regular octagons, varied from
size of 1 to 81 pixels along their diagonal. Each pixel was scaled according to the
dimension bar on the SEM image. Figure 15 shows the distribution histogram plot, for
the distribution of voids and islands across the SEM image. The plot gives details about
the mean diameters of voids and islands present in the image, and the weights of the
populations. The mean diameter of the random structures (islands) processed on the FS
substrate was observed to be around 55nm. The mean diameter of the islands was more
than voids, which means the random structures are of larger size compared to the spacing
in-between them.
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Figure 15: Distributed histograms of the feature sizes corresponding to the SEM micrograph of the random
structure on FS substrate shown in Fig. 3. The distribution of islands is represented by the Black bars and the

voids by white bars. The total populations are normalized to the total surface area.
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Random anti-reflective structures were created on fused silica substrate by gold
deposition and reactive-ion etching using the STS AOE tool. Transmission of more than
99% was achieved across 500 — 800 nm wavelength region. The micrographs showed the
formation of rARSS with a mean diameter of 55 nm fabricated on the fused silica

substrate.
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2.3 Cleartran Zinc Sulfide

2.3.1 Introduction

This section focuses on Cleartran ZnS infrared (IR) wavelength range
transmissive optical windows, and fabrication of random structures as an AR treatment.
Cleartran is a transmission window over a broad range of spectrum from 0.4-12 um [40].
It has many applications in the IR regime, used with infrared sensor, IR window in
aircrafts and, IR spectroscopy [41]. Due to a high refractive index of 2.25, it has a Fresnel
reflection of 25% (or 14.5% per surface) across the entire IR region. Reducing Fresnel
reflections of Cleartran ZnS by fabricating random structures on its surface and

enhancing the transmission in the IR region is presented in this section.

Few reports are available describing fabricated periodic and random structures on
Cleartran ZnS acting as AR treatment. Hobbs and Macleod [14] from TelAztec LLC were
successful in fabrication of periodic structures (ARSS), with a period of 2.9um and
height of 3.4um, on the substrate using a lithographic mask and subsequent plasma
etching. They reported an enhanced transmission of 12% across long-wavelength IR
(LWIR) region (8-12 um) for a single sided substrate. Although no details were provided
for the mid-wavelength IR (MWIR), and the diffraction loss (scattering edge due to the
periodicity of the structure) was shown to start below 7um. Byron Zollars et.at [9] from
Nanohmics, Inc. have reported fabrication of random surface structures on ZnS window
by a two-step process, that does not use any lithography mask pattern. This was done by
initial deposition of amorphous aluminum nitride (AIN) as a buffer layer (20nm) or the

actual structure layer (1-5um). After that a thin layer (3-30nm) of nickel (Ni) was
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evaporated onto the surface. Rapid thermal annealing (RTA) is performed to create sub-
micron Ni islands. A dry etching is then followed using a mixture of hydrogen (H2) and
halogen to create a random surface structure either in the AIN layer or through the ZnS
substrate depending on the etch time. The last step included removal of excess Ni using
aqueous ferric chloride (FeCls) solution. They were able to achieve a transmission
enhancement of around 6-10% for double side etch across the IR region. It must be noted
that the index of refraction of AIN is around 2.0 at 3um wavelength, and it will play a
role in reducing the reflection due to lower refractive index compared to Cleartran
(n=2.25), acting as an intermix region between air and the substrate. Although both these

processes achieved some amount of enhancement, the fabrication process is complicated.

Previous work on creating random structures on Cleartran was reported by Dr.
Kevin Major [42], A post-Doctorate fellow working with our group. This was done by
irradiating the substrate’s surface, using a low power (power <10mW) continuous-wave
(CW) 325nm-wavelength laser. A raster scanning method was used to irradiate a limited
area of the substrate, by focusing the incident laser light to a very small spot and then
scanning the spot across the substrate. He was successful in creating random structures by
partial ablation and subsequent re-deposition of the irradiating surface. An enhancement
in transmission of about 4.5-7 % per single surface was achieved across a wavelength

region of 0.6-1.2 um (Figure 16).
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Figure 16: Transmission curve of the enhancement between an untreated and laser ablated Cleartran ZnS

using a low power (power < 10mwW) CW 325 nm wavelength laser [42].

To achieve enhanced transmission, a very long exposure time (> 30-40min) was
required, due to the low power of CW laser. Moreover, the spectral region of interest,
from 1 to 10 um, was not explored with the CW irradiated Cleartran, although Cleartran
is extensively used for applications in the MWIR and LWIR wavelength region. EDAX
measurement of Cleartran substrate before and after irradiation with CW laser was also
reported (Figure 17). A presence of O. peak was observed after irradiation, pertaining to
formation of Zinc Oxide (ZnO) layer on the surface of the substrate due to oxidation. The
refractive index of ZnO is around 2.0, which is in between the refractive index of air
(n=1) and Cleartran (n=2.25) and the transmission of ZnO thin film is reported as being
greater than 90% in the visible and near IR wavelength region. The reason for the

observed enhanced transmission of the Cleartran might be due to the ZnO interfacial
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layer acting as an AR thin film on top of Cleartran substrate and not entirely due to the

random structures.
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Figure 17: EDAX measurement of the Cleartran substrate (a) before irradiation and (b) after irradiation with
a CW laser (Previous OSS lab work) [42].
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There are studies referring to surface modification by creating microstructures by
irradiation using high power laser pulses. Michael A. Sheehy et. at [43] have shown that
10um tall conical microstructures can be created on silicon (Si) using femtosecond (fs)
laser pulses in presence of sulfur as a background gas. They were able to achieve near-
unity absorption from 0.25um to 1.1um wavelength range. And Jingtao Zhu et. al [44]
have reported micro structuring on Silicon by irradiating with pico-second (ps) and fs
laser pulses in SFs ambient, but not for the purpose of transmission enhancement. The
results showed that the spike formation is different under ps and fs irradiation. This
occurs due to the fundamental difference of thermal diffusion and laser ablation
dependence on the relaxation time. In case of fs pulses there is a direct solid-vapor
transition, while for a ps laser pulse an intermediate molten state is present before the
spike formation. Other studies have also shown micro-structuring and nano-structuring
on various optical materials, while most of the reported work is for silicon and to increase

its absorption [45-49]. However, laser irradiation of infrared optical windows has not
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been widely investigated, and no work has been found to-date studying the AR treatment

on Cleartran by high power pulsed laser irradiation.

2.3.2 Fabrication of rARSS on Cleartran ZnS

Pulsed laser ablation was used as a fabrication technique in the present effort to
create random structures on Cleartran ZnS. Measured transmission (Figure 18) of the
Cleartran window shows more than 95% absorption of the incident light for wavelengths
shorter than 355nm. Irradiating Cleartran with a high energy pulsed laser, working at
354nm wavelength, should absorb most of the incident energy, leading to localized
sputtering and localized re-deposition of the surface material. The resulting surface gets

roughened, and a random structure is formed on the substrate.
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Figure 18: Measured Transmission of an unprocessed Cleartran ZnS sample.
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The experimental setup used for ablative irradiation of Cleartran is shown in
Figure 19. A high-power Nd: YAG laser, at triple frequency conversion (354 nm),
irradiates nanosecond pulses (6 to 9 ns pulse width) onto Cleartran substrate. The energy
density of ablation/re-deposition was controlled by the Q-switch time of the laser. A
beam of 4.6mm spot diameter was used to illuminate the test samples, through a power
sampling mirror placed on an x-y translational stage. A He-Ne laser was used to align the
sample and optical components along the beam path. The sampling mirror was used to
get a 6-7% of energy from the laser pulse, to monitor real time ablation energy of each

pulse.
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Figure 19: Setup used to create random structures on Cleartran ZnS using nanosecond pulsed High power
laser ablative irradiation.

Two variable parameters were used to control the amount of energy of the
ablation process. The Q-switch time of the Nd: YAG laser, that gives the amount of
energy per pulse, and the number of pulses, that add up to the total irradiation energy on

the substrate. These two parameters were used to control the structure parameter of the
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random surface created. In order to have an estimate of the ablated energy, the energy
output of the laser was measured using a photodetector by varying the Q-switch time and
measuring the intensity of one single pulse (Figure 20). This gave a range of ablation

energies varying from 10mJ to 200mJ per each pulse.
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Figure 20: Energy of incident pulse with varying Q-Switch delay time of the Nd: Y AG laser used to irradiated
Cleartran ZnS.

The structure height-parameter of the random surface was determined by
measuring the height of the structure, which was achieved using a UV confocal
microscope. This is discussed in the section below. The lateral dimension of the random
structures was determined by granulometry, where the image is obtained by SEM of the

ablated surface as previously discussed in section 2.2.5.
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2.3.3 Surface analysis and confocal microscopy of rARSS on Cleartran ZnS

Initial tests of substrates irradiated at 120us Q-switch time with a total of 3 pulses
from the laser, were observed under a microscope. Two microscope images of the surface
before and after irradiation are shown in Figure 21. The results from the images indicate
that the surface has changed due to ablation and re-deposition, at least as far as the

roughness is concerned.
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Figure 21: Microscope images of an unprocessed Cleartran (left) and after irradiation using laser ablation
(right).

EDAX is a technique used to find the compounds and molecular composition
present in a substrate using X-rays. The measurement provides surface analysis of the
irradiated substrate, to identify any contamination, or oxidation due to sputtering and
localized re-deposition due to ablation. EDAX measurement (Figure 22) of the Cleartran
irradiated with Nd: YAG showed that the surface does not have any ZnO formation after
irradiation (Figure 22(b)). It is important to identify any formation of ZnO on the surface
of the substrate, as it will affect the enhancement in transmission, acting as a thin film
dielectric layer with lower index of refraction between Cleartran and air.
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Figure 22: EDAX measurement of the Cleartran substrate (a) before irradiation and (b) after irradiation with
a Nd: YAG laser.

Cleartran substrates were irradiated with laser pulses at several Q switch times
from 90 — 150 ps. The incidence pulse(s) have a beam width diameter of 4.6mm,
allowing the calculation of the amount of energy density (mJ/cm?), which is irradiation
energy for each pulse divided by the irradiated area on the substrate. The energy density
(u) was varied from 30 — 960 mJ/cm? per pulse, and the number of pulses were varied

from 1 to 30. The net irradiation energy is given by, where m is the number of pulses:

Unet = (Uper putse) (M) 7)

Roughness measurements were carried on the irradiated regions using a UV
confocal microscope (OLYMPUS OLS4000). Two roughness quantities, R; (given by
Equation 5) and Rq (given by Equation 6), were measured. The maximum roughness was
plotted as a function of increasing irradiation energy density (Figure 23). It was observed
that the maximum roughness increased with increasing the unet (Figure 23(a)),
corresponding to a possible control parameter of the amount of roughness created on the
substrate. Plotting the max roughness with respect to irradiation energy per pulse

(Figure23(b)) showed that an energy threshold occurs at 300mJ/cm?, before which no
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roughness was observed on the substrate’s surface. It was also observed that for a specific

number of pulses the maximum roughness remained unchanged with varying energy

density from 350 — 950 mJ/cm?. This observation leads to a tentative conclusion that

maximum roughness is controlled with the number of pulses, but remains constant for

specific pulse numbers.
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Figure 23: Maximum roughness as a function of (a) Net irradiation energy and (b) Irradiation energy per

pulse. The number of pulses in both the plots have been specified using different markers. The dashed line

represents the roughness of the non-irradiated Cleartran substrate.
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To see if this effect pertained over the whole surface, the RMS roughness was

plotted versus varying irradiation energy (Figure 24). A similar effect was observed with

an increased roughness by increasing the number of pulses. The roughness remained

same per pulse over the test energy density.
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Figure 24: RMS roughness as a function of (a) Net irradiation energy and (b) Irradiation energy per pulse.

The number of pulses in both the plots have been specified using different markers. The dashed line

represents the roughness of the non-irradiated Cleartran substrate.
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In order to identify the cause of the roughness variation, all roughness values for
specific pulse numbers were averaged irrespective of the irradiation energy. Figure 25
shows the averaged roughness values as a function of number of irradiation pulses. A
definite increase in the maximum and RMS roughness were observed with increasing
number of pulses. These observations assisted in identifying the amount of irradiation

energy required to achieve a certain structured pattern height.
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Figure 25: (a) Maximum roughness and (b) RMS roughness as a function of number of irradiation pulses.

The bars represent the maximum and minimum value of the measured roughness for a specific pulse number.
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To examine the dependence between maximum and rms roughness with varying
irradiation energy, the ratio of Rq over R; was calculated. This ratio is called stratification
ratio, and can vary from 0 to 1, where 1 is the limit for all structures on the surface to be

same in height (Homogeneous surface).

Figure 26 shows the variation of stratification ratio with changing net and per
pulse irradiation energy density. No large variations in the stratification ratio were
observed, due to the similar trend between Rq and R; roughness observed in Figure 25. It
was noted that the roughness variations achieved by irradiating the substrate was not
uniform across the whole ablated region, due to the gaussian irradiation beam profile,

with higher intensity at the center compared to the beam periphery.

It is possible to create random structures on Cleartran ZnS by irradiation using a
high-power UV pulsed laser. The net irradiation energy was controlled using varying Q-
switch delay time and the number of irradiation pulse. The EDAX results have shown no
oxidation on the substrate due to irradiation in atmosphere, leaving no contaminations on
the surface. Controlling the amount of roughness (structure height) can be explored by
varying the amount of net irradiation energy. A minimum threshold energy was required
to achieve a rough surface, after which the roughness increased linearly with the number
of irradiation pulses. The rms and maximum roughness have shown similar trends

resulting in a constant stratification ratio for varying irradiation energy.

42



(a) | ® Blank =1 pulse m 3 pulses ¢ 5 pulses 4 10 pulses & 20 pulses £ 30 pulses

05 7
~ 1
& =
s 04 7
3 1
0 1
2 03
o I
S o= X
5 02 mes * A X
I ek Rl ettt Anttetetele akettatatel
§ 0.1 |
0.0 F———— ——— ——— ——— ———
0 5000 10000 15000 20000

Net Irradiation Energy [mJ/cm?]

25000

(b)| ® Blank 1 pulse ® 3 pulses ¢ 5 pulses 4 10 pulses & 20 pulses 4 30 pulses

05 T
Z 1
S 04 7
‘E‘ +
2 1
2 03
« T
S 3 X .
£ 02 - . — a_“g‘_. _ & e | =
f‘é b Anno e et e B> L S| < S
§ 01 3

0.0 ¥ —— —t— —t—— — —t——

0 200 400 600 800 1000

Irradiation Energy per Pulse [mJ/cm?]

Figure 26: Stratification ratio as a function of (a) Net irradiation energy and (b) Irradiation energy per pulse.

The number of pulses in both the plots have been specified using different markers. The dashed line

represents the roughness of the non-irradiated Cleartran substrate.
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2.3.4 Optical Performance of rARSS on Cleartran ZnS in Mid-IR Spectral region

Optical transmission measurements were conducted on the irradiated Cleartran
substrates. A Fourier-transform infrared (FTIR) spectrometer was used to measure the
transmission of Cleartran in the MWIR spectral region. Transmission of a non-irradiated
substrate was also measured to compare with the irradiated substrate. Figure 27 shows the
transmission plot at normal incidence (0°) of the Cleartran substrate with the maximum
enhancement achieved. The graph represents transmission through a single surface of
Cleartran (considering reflection from only one of the substrate’s surfaces) across the 3-

10 um wavelength range.
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Figure 27: Measured single side transmission, at 0° AOI, vs wavelength (um) for a non-irradiated Cleartran
and Cleartran with rARSS on one surface, fabricated using laser irradiation and re-deposition. The black

dotted line represents the moving average trendline for each curve.
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The irradiated sample gave an enhancement in the transmission by 7% across the
MWIR region. The measurements indicate that the random structured surface formed by
the irradiation and re-deposition technique using a high power pulsed laser resulted in an
enhanced transmission across the wavelength region of interest. It must be noted that this
was the maximum enhancement we were able to generate by the ablation technique,
although Cleartran has a Fresnel’s reflection of 14.5% in the MWIR wavelength region
for one surface. This was achieved for 10 pulses with irradiation energy density per pulse

of 602 mJ/cm?.

2.3.5 Scanning electron microscope images and Granulometry

To quantify the structure’s lateral dimensions, SEM image of the irradiated
surface is analyzed using granulometry. Figure 28 is a SEM image of the Cleartran

surface which shows the difference between the irradiated (B) and non-irradiated (A) area

on the surface. This is clear indication of random structure formation on Cleartran.
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Figure 28: SEM image of an rARSS structure on Cleartran ZnS, fabricated using Laser irradiation.
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To understand how the structure’s lateral dimensions, vary with the net irradiation

energy, three samples were analyzed using granulometry. Table 2 gives the details about

these three samples. The energy density per pulse was similar for all three samples and

the number of pulses were varied from 1 to 10. As shown earlier, increasing the net

irradiation energy increases the height of the structure (Table 2). Sample “A” with 10

irradiation pulses had the maximum measured structure height. These three samples were

analyzed to observe the effect of lateral structure dimensions to the increase in number of

irradiation pulses.

Table 2: Energy density and structure height values of three samples with similar irradiation per pulse energy

and different number of irradiation pulses.

Energy density Total irradiation R
z
Sample per pulse # Pulses energy
(mJ/cm?) (mJ/cm?) (nm)
A 602 10 6017 135
B 616 3 1848 90
C 635 1 635 66

Figure 29 shows sampled SEM images using the RAITH150, from the three

samples along with the normalized histogram plots for each image. The SEM images

show that the structures were formed on all three samples with energy density around

600mJ/cm? per pulse.
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Figure 29: Scanning electron micrographs and lateral feature size distribution histograms of irradiated
Cleartran substrate with (a) 10 pulses, (b) 3 pulses and (c) 1 pulse using a high-energy pulsed laser at 354nm.

The average energy density per pulse was around 600mJ/cm?.

Granulometry was used to analyze the size distributions of the granules (random

structures). Granules used for classification were regular octagons, which were varied
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from size of 1 to 61 pixels along their diagonal. Each pixel was scaled according to the
dimension bar on the SEM image. The distribution histogram plots show the distribution
of islands across the SEM image. The plots give details about the mean diameters of the
granules present in the image. A difference in the granule diameter was observed for the
three samples. Samples “B” and “C” with 1 and 3 pulses have a mean granule diameter of

45nm, while sample “A”, with 10 pulses has a mean granule diameter of 25nm.

The reduced granule diameter by increasing the number of pluses can be
understood due to ballistic collisions of the high energy pulses on the surface, leading to
sputtering and redeposition of the material. A transmission enhancement of 7%, shown
earlier in Figure 27, was for Sample “A” with a structure height of 135nm and a mean
granule diameter of 25nm, which indicates tall random structure with small granule
diameters. While the 10 pulses gave an enhanced transmission, increasing the pulses
further to 20 and 30 did not give any enhancement. Moreover, other samples with 10
pulses, with an energy density of around 450 and 800 mJ/cm? per pulse did not show any
enhancement either. This could be modelled as a simple harmonic oscillator system,
interacting with incident pulses. The structural modification using nanosecond (ns) laser
pulses is thermal ablation in nature, unlike the femtosecond (fs) laser, which is a non-
thermal process [50, 51]. For a ns laser, the surface goes through a molten state (liquid
phase) before the structure is formed [44, 52]. Considering the simple pendulum’s rest
state as the sample’s non-irradiated surface, when the sample is hit with the first pulse, it
goes into an exited state (higher energy). Now the incident arrival of the second pulse
will define if the structure formed has an additive or averaging effect. If the pendulum

experiences an external force along the direction of motion of the oscillation, it increases
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velocity. If the force is experienced in the opposite direction of motion of the oscillation,
it reduces velocity. Similarly, it depends on when the other pulses are arriving at the
sample and weather the irradiated spot is in the molten state or it has reached equilibrium
(solid state). It is difficult to deduce if all pulses have a positive effect in creating the
structure pattern, without a high-power precision shutter and accurate control on the time

difference between the pulses.

2.4 Summary

This chapter presented results from two different fabrication methods of rARSS
applied to fused silica and Cleartran zinc sulfide. In section 2.2, a fabrication technique to
create rARSS on FS was investigated. The process involved a deposition of thin layer of
Au (20nm) to act as a partial discontinuous mask, followed by etching the Au sputtered
substrate using an STS AOE etcher, in a mixture of SFe and O plasma. It was observed
that varying the etch time resulted in an increased transmission enhancement in the
visible (400 — 800 nm) spectral region. Maximum transmission of greater then 99% was
achieved from 500 — 800 nm spectral region for a double side processed FS substrate.
Scanning electron micrographs of the etched surface showed the formation of random
structures across the whole substrate and granulometry of the images gave a mean
structure lateral dimension of around 55nm. Overall, the etching technique created

rARSS on FS substrate.

The work outlined in section 2.3 included investigating a new fabrication

technique for the fabrication of rARSS on IR optical windows. The initial results have
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shown that roughness can be created by irradiating the Cleartran ZnS substrate with high
power pulsed laser. And the EDAX results have shown that no contaminations have been
formed due to oxidation like ZnO. Detailed analysis of the roughness of the surface, as a
function of net irradiation energy, has shown that increasing the energy density will result
in a higher structure height. Comparing the results with energy density per pulse has
shown that the roughness remains same for a particular pulse number with energy density
varying from 350 — 950 mJ/cm?. The stratification ratio remained unchanged over varied
energy density due to similar trends of R; and Rq. A maximum enhancement of 7% in the
transmission was observed across the MWIR (3 - 10 um) spectral region, for a single
surface irradiation. The random structured surfaces formed through the irradiation and re-
deposition triggered by high power pulsed laser, and formed an anti-reflective treatment
on Cleartran surface. The confocal microscopy gave the random surface structure height
value of 135nm and the granulometry of the random surface has shown the structure
lateral dimensions to be around 25nm. Overall, the irradiation technigque successfully
created rARSS on Cleartran ZnS [53]. This fabrication technique is fundamentally

different from the plasma etching process used with fused silica.
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CHAPTER 3: RANDOM ANTI-REFLECTION STRUCTURED SURFACES ON
BINARY DIFFRACTION GRATINGS

3.1 Introduction

Chapter 2 presented the optical performance of rARSS on fused silica and ZnS
flat optical windows. A number of studies are available in the literature on fabrication
and testing of these structures on optical flats. Light travelling through any optical
component, such as a diffraction grating will have Fresnel reflections at the interface.
Quantifying the optical performance of flat substrates is different compared to diffraction
gratings. Transmission measurements from flat substrates is confined to a single
propagating beam direction, while the incident beam through a diffraction grating
separates the angular spectrum into several orders, and each of these propagating orders
must be examined. As mentioned in Chapter 1, using a thin film coating as an AR
treatment is quite possible and has been accomplished by different methods, but the
coating should be considered as part of the grating design prior to the fabrication of the
grating itself. Deposition of AR thin films on pre-fabricated (commercially available)
gratings using conformal layered deposition would change the diffractive properties of
the grating by perturbing the duty cycle of the original diffraction grating and a non-
uniform, non-conformal vapor deposition would change the relative phase depth resulting
in variation of diffraction order efficiency. Fabrication of random structures to act as an
AR treatment on already existing diffraction gratings would expand the applications of

rARSS.
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This chapter focuses on characterizing the optical performance of near-
wavelength binary fused silica gratings, with rARSS previously optimized for application
onto flat fused silica substrates. Two commercially available transmission gratings were

used to investigate the rARSS effects on diffraction gratings.

Because this chapter focuses on the optical performance of rARSS on diffraction
gratings, it is important to thoroughly discuss any similar studies in the literature, of
which there are a few. A group from MIT, Chih-Hao Chang et. al. successfully fabricated
tapered (cone-shaped) subwavelength nanostructures, integrated on the surface of a
microscale diffractive grating. The fabrication consisted of the realization of the
nanostructures, followed by the grating profile implementation, on a silicon substrate.
While they have achieved a very low reflection loss with periodic patterns on top of the
gratings, the fabrication process included photoresist spin coating, etching (masking
using lithography), followed by mask removal for the subwavelength nanostructures, then
a repetition of the fabrication cycle in order to fabricate the diffractive grating itself [34].
In the wavelength range they tested the surface, silicon absorbs all the transmitted orders,
which makes the elements unsuitable for transmission applications, whereas it can be
used as an absorption element. Xin Ye et. al. fabricated AR structures on 3um period
fused silica grating and showed a total reduced reflection of 7.5 to 4.5% [54]. The work
reported did not include any specific details regarding the grating such as the phase depth
or the measurement details. And no data was shown on the efficiency of the individual

orders.

Figure 30 shows the geometrical relation between the incident light, and the

grating interface parameters. When light of a specific wavelength travels across the
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grating boundary, it separates the angular spectrum of various orders (m) to different
propagation direction wavevectors (km). This is valid on both the reflection (Figure 1(a))
and transmission (Figure 1(b)) side of the grating. The number of orders, and the angular
spread of the orders, is described by the diffraction grating equation (Equation 1 and 2).
Where nz and n2 represent the index of refraction of the incident medium and the
transmitted medium. The equation shows that for light incident with a wavelength A, on a
periodic surface with period A, at an incidence angle of 6;, the incident light separates an
angular spectrum of various orders m, which satisfy the equation (m being an integer).
The propagating orders travel at an angle of Om with respect to the grating normal, in the

plane of incidence. The propagating transmission orders obey Equation 8, while the

propagating reflection orders obey Equation 9.

(b)

@)

Figure 30: General depiction of the various orders of the angular spectrum, for a binary diffraction grating

on (a) reflection and (b) in transmission, due to the diffractive grating surface.
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n, sin@,, —n,sinf; = mA/A (8)

n, sinf,, + n; sinf; = mA/A 9)

Section 3.2 will present results from the fabrication of rARSS on both sides of the
binary fused silica diffraction gratings, as well as, the scanning electron micrographs
which show the differences in the surface of the grating post-and pre-rARSS fabrication.
The cross-sectional micrographs show a clear formation of the random nanostructures on

the surface of the grating.

Section 3.3 presents the characterization of the random nanostructures’ optical
performance. A detailed comparison is included, to determine any performance variations
due to the presence of the rARSS on the surface of the gratings. The propagating
diffracted order angles and, individual reflection and transmission diffraction efficiencies
of all orders were measured, first on the original gratings (unprocessed) and then on the
rARSS enhanced gratings. The intensity profile of the propagating diffracted beams was
measured, to quantify any effects after rARSS fabrication. The work presented here
includes measurements at three incident wavelengths (594nm, 612nm and 633nm), three
angles of incidence (normal, 1% Bragg and 2" Bragg) and, both S and P polarization
states. To conclude this section, the surface was characterized using granulometry, to

obtain a statistical distribution of the lateral feature sizes of the rARSS. This was done to
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observe if any differences were present, between the structural size of the rARSS in the

grooves (bottom) and the top of the grating surface.

Section 3.4 investigates the performance of the gratings at a varied angle of
incidence from 0° to 70°, to determine how the random profile will affect the gratings
optical performance for AOI greater than 40°. A measurable enhancement of around 20-
30% was observed for the total summed transmission of all the propagating orders at 612

nm for S polarized incident light. This effect was observed for both 1.595um and

1.166um period gratings.

Section 3.5 presents the comparison of performance of the gratings at a varied
angle of incidence for, the unprocessed grating, a perfect single-layered anti-reflective

(SLAR) grating and rARSS processed grating.

Finally, section 3.6 summarizes the results from the previous sections and draws
final conclusions about the optical performance of pre-fabricated diffraction gratings

processed with rARSS.

3.2 Fabrication of rARSS on binary diffraction gratings

3.2.1 Fabrication process

Two commercially available, uncoated, linear, binary phase, fused silica gratings,
with periods of 1.595+0.050 um (fill factor = 0.5; depth = 700nm) and 1.166+0.050 pm
(fill factor = 0.55; depth = 600nm), were processed to fabricate rARSS on their planar
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surfaces, including the substrate’s planar backside. Both gratings were cleaned prior to
processing, by immersion into methanol for 10-15 min and drying using forced nitrogen
gas. The fabrication process involved the deposition of a thin discontinuous layer of gold
(<20nm) as a partial mask using an AJA international ATC 1800-F sputter deposition
system. The discontinuous gold film is used to initialize the random etch process. A
reactive-ion plasma etching step followed in PlasmaTherm RIE 7000, using a mixture of
35 sccm SFe and 5 sccm O2 gas plasma with a platen power of 700W and a chamber
pressure of 24mT. The planar backside was etched initially, along with a witness sample
for 40 minutes, to verify the process effectiveness for a fused silica window. The process
was repeated for the grating structure with the same etch parameters as that for the planar
backside along with the opposite side of the witness sample. X-ray scattering
measurements (EDAX) of the surface post-processing, showed that no gold remained on
the surface after the plasma etch was completed. There was no attempt to customize the
process to the grating topography in any way, as we chose to investigate any adverse

effects to the grating’s performance due to process-induced profile changes.

To inspect the effectiveness of the etching process, transmission of the fused
silica witness flat was measured at 5 different test wavelengths (543nm, 594nm, 604nm,
612nm and 633nm). Figure 31 shows the measured transmission intensity values of the
unprocessed (original), single side processed, and double side processed witness flat. A
3-3.5% enhancement was measured after a single side etch, and a similar enhancement
was observed after etching both sides of the witness flat, resulting in >99% transmission

across the test wavelength region.
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Figure 31: Measured transmission intensity of the fused silica witness flat across the test wavelength for

unprocessed (original), single side processed, and double side processed.

3.2.2 Scanning electron microscope images

Scanning electron microscope (SEM) images of the unprocessed and rARSS
processed diffraction grating surface were taken using a RAITH150 scanning electron
microscope. Top-down SEM images of the original unprocessed fused silica gratings and
the rARSS processed gratings, are shown in Figure 32. The random nanostructures were
observed on the entire surface of both gratings imaged (Figure 32(c,d)). We measured the
period and duty cycle, and confirmed that it was unchanged after the rARSS fabrication
process, within our measurement’s uncertainty limits (=5nm). To compare the height of
the random structures on the top and bottom of the grating grooves, both gratings were
edge-diced, to image the cross-sectional view of the random nanostructures on the grating
surfaces. Figure 33 (a,c) shows a sample tilted cross-sectional view of the surface of the

gratings with rARSS. There is clear identification of structure formation on the top and
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bottom of the grating grooves. It was also observed that no structures were formed on the
sidewalls of the grating, and that the sidewalls remained near-vertical, which can be seen

in the cross-sectional SEM images (Figure 33 (a and c)).

Figure 33 (b,d) are cross-sectional sample images, used to measure the average
height of the nanostructures. For the larger period grating (1.595um), the average
structure height on the top surface was 267 nm and the bottom (trench) was 287 nm. For
the smaller period grating (1.166um), the average structure height on the top surface was
204 nm and the bottom (trench) was 211 nm. Small protruding features were observed at
the grating groove edges, in the SEM images (Figure 33 (b,d)), more predominant on the
1.166pum period grating. These features were not present prior to the rARSS fabrication,
and therefore were classified as process defects. The defects appear as a single columnar
feature, with an average diameter of 40nm, and are restricted to the side-edge boundary
of the binary phase step. As such, it could have an effect on the gratings diffraction order
efficiencies, or some scatter contribution. The feature size is well subwavelength in scale
for our tests, which are conducted between 594nm and 633nm. Nonetheless, we tested all
possible measurable effects, such as, the perturbation of the grating periodicity, all
propagating diffraction-order efficiencies in reflection and transmission, the total overall
reflected and transmitted diffraction efficiency, using three test wavelengths, both
incident polarization states and, three incident beam mounting angles, as well as, the

propagating diffracted order beam profiles before and after the fabrication process.
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Figure 32: Top-down scanning electron micrographs of commercially available linear binary fused silica
gratings with periods of: (a) 1.595um and (b) 1.166um. Micrographs of rARSS fabricated on the gratings

with the respective periods above (c, d).
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Figure 33: Scanning electron microscope (a, ¢) tilted cross-sections and, (b, d) side-view cross-sections of
rARSS fabricated on top of the gratings with periods of: (a, b) 1.595um and (c, d) 1.166um.
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3.3 Experimental setup and Optical performance testing

3.3.1 Experimental test setup

The experimental test setup to measure the grating’s optical performance is shown
in Figure 34. Incident light from a He-Ne laser was passed through a beam splitter on to a
half-wave-plate (HWP), which was used to control the polarization of the incident light
from S to P, and then through a linear polarizer towards the test grating. A standard
silicon photodiode power sensor (S120C THORLABS) was mounted on a rotating table
and was used to measure the diffraction efficiency and the angle of diffraction of the all
propagating diffraction orders. A spectrometer was used on the other side of the beam

splitter to verify the wavelength selection for each test.

He-Ne
(Multi-wavelength)

Incidence

wavelength:
543 nm

Spectrometer

612 nm
633 nm

Figure 34: Experimental layout for measurement of diffraction efficiencies of all orders for the grating under
test (G), using the detector (D) placed on a rotating stage (R). Polarization of incident light is controlled by
rotating a half-wave plate (HWP) and a linear polarizer (LP).
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Using this setup, a detailed comparison was done to determine any performance
variations due to the presence of the rARSS on the surface of the gratings. The
propagating diffracted order angles and, individual reflection and transmission diffraction
efficiencies of all orders were measured, first on the original gratings (unprocessed) and
then the same measurements were repeated after fabrication of rARSS on the surface of
the gratings. The work presented here includes measurements at three incident
wavelengths (594nm, 612nm and 633nm), three angles of incidence (normal, 1% Bragg

and 2" Bragg) and, both S and P polarization states.

Figure 35 shows the alignment and the angular spread of the gratings at the test

angles of incidence.

Incident
light

Incident *
light

Figure 35: Angle of incidence test setup for all gratings tested. (a) The grating is aligned at Normal incidence.
(b) The grating is aligned atlst Bragg angle of incidence, where the “-1st” reflected order goes back in the
direction of the incident light. (c) The grating is aligned at 2" Bragg angle of incidence, where the “Oth”

reflected order is aligned along the normal to the grating plane.
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The Bragg incidence angle depends on the wavelength of the incident light

according to Equation (10,11):

6 in-12 (10)
=S " —
1st Bragg S ZA
-y

O2nd Bragg = Sin A (11)

At normal incidence the incidence angle is aligned to the grating normal (Figure
35(a)). At 1st Bragg incidence the “-1” reflected order traces back into the incident light
direction (Figure 35(b)) and at 2nd Bragg incidence the “Oth” reflected order is aligned
with the normal to the grating (Figure 35(c)). The calculated values of 1% and 2" Bragg

incidence for both the gratings are in Table 3.

Table 3: Calculated 1%t and 2™ Bragg angle of incidence in degrees for 1.595um and 1.166um period gratings.

A 1.595 pm 1.166 um
15 Bragg 2"d Bragg 15 Bragg 2"d Bragg
594nm 10.73° 21.86° 14.75° 30.63°
612nm 11.06° 22.56° 15.21° 31.66°
633nm 11.45° 23.38° 15.75° 32.88°
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Having measurable tilt orientations, based on the diffraction order locations for
each configuration, allowed us to consistently align the gratings and further identify the

measured diffraction order intensities without ambiguity.

3.3.2 Measurement of diffraction order angular separation

Diffraction angles were measured for the unprocessed and the rARSS processed
gratings for both S and P polarization. The angle of diffraction (6m) depends on the
period of the grating (A) for a particular incident wavelength and incidence angle (6i)

(Equation 12). Any perturbation of the grating’s period will have a measurable effect on

the diffraction angles of higher orders.

sin@,, = n, sin@; + mA/A (12)

We measured and compared the diffraction angles pre-and-post processing to
verify that the grating period was not in any way affected by the random-etch process on

the diffraction gratings.

Diffraction angles of all propagating orders were measured pre-and-post rARSS
etching, for both S and P polarizations at all three wavelengths (594 nm, 612 nm and 633
nm). The angular spread was measured at normal incidence, 1% Bragg incidence and 2"

Bragg incidence as mentioned in Table 4.
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Table 4: Measured 1% and 2" Bragg angle of incidence in degrees for 1.595um and 1.166um period gratings

A 1.595 pm 1.166 um
15 Bragg 2"d Bragg 1t Bragg 2"d Bragg
594nm 11.0° £ 0.5° 22.5° £0.5° 14.5° £ 0.5° 30.5°+0.5°
612nm 11.5°£0.5° 23.0°+0.5° 15.0° £ 0.5° 31.5°+0.5°
633nm 11.5°£0.5° 24.0° £ 0.5° 15.5° £ 0.5° 32.5°+0.5°

The measured diffraction angles of all propagating orders were unaffected by the
addition of rARSS, for both S and P polarizations, at normal, 1% Bragg and, 2" Bragg
incidence angles. Similar results were observed for all test wavelengths, confirming that
the period of the original grating was not affected by the rARSS fabrication process, or
the presence of the edge defect, and validating the measurements made by the SEM

micrographs.

The measurements have been tabulated in Tables 5 and 6 according to angle of
incidence (normal, 1% Bragg and 2" Bragg), for each test wavelength and at each
incidence angle. The propagating order diffraction angles of both S and P polarizations is
listed as a single column for the original (Blank) and the rARSS gratings, since no

deviation of the angles was observed for either period grating.
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Table 5: Measured diffraction angles of the 1.595um period grating, for all propagating orders of the pre-

processed original (Blank) and the post-processed rARSS gratings, at 594nm, 612nm and 633nm, for three

angles of incidence.

Measured 15t Measured ond Measured
Normal
(rARSS and Blank) Bragg| (FARSSandBlank) [Bragg| (FARSS and Blank)
594nm | 612nm | 633nm 594nm | 612nm |633nm 594nm | 612nm [ 633nm
(S/P) | (SIP) | (S/P) (S/P) | (SIP) | (S/P) (SIP) | (SIP) | (SIP)
0, 48.0 50.0 52.0 0, 68.5 73.5 83.5 - - - -
0, 22.0 225 235 0, 34.0 35.5 36.5 0, 49.0 51.0 535
0, 0.0 0.0 0.0 0, | 1120 [ 115 [ 115 | 6, | 225 | 230 | 240
0, -22.0 -23.0 -23.5 0, -11.0 | -11.0 | -11.5 0, 0.0 0.0 0.0
0, | 485 | 505 | 530 | 0, | -340 | -35.0 | -37.0| 6, | -220 | 225 | -235
- - - - 06, | 690 | -735 | -81.0 | 6, | -48.0 | -500 | -520

Table 6: Measured diffraction angles of the 1.166um period grating, for all propagating orders of the pre-

processed original (Blank) and the post-processed rARSS gratings, at 594nm, 612nm and 633nm, for three

angles of incidence.

Measured 15t Measured ond Measured
Normal
(rARSS and Blank) Bragg| (rARSSandBlank) |Bragg (rARSS and Blank)
594nm | 612nm | 633nm 594nm | 612nm |633nm 594nm | 612nm | 633nm
(S/P) | (SIP) | (SIP) (S/P) | (SIP) | (SIP) (S/P) | (S/IP) | (SIP)
0, 29.5 30.5 32.0 0, 48.0 50.0 52.5 - - - -
0, 0.0 0.0 0.0 0, 145 15.0 155 0, 30.5 315 325
0, -30.0 | -31.0 | -32.0 6, | -145 | -150 [ -155| O, 0.0 0.0 0.0
- - - - 0, | -485 | 505 | -53.0 | O, | -30.0 | -30.5 | -32.5
- - - - - - - - 0, | -785 - -
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3.3.3 Simulated diffraction order angular separation and efficiencies

To verify the measured diffracted angle results of the unprocessed gratings, we

simulated each grating using VirtualLab Fusion software [55]. The simulated results of

the unprocessed (Blank) grating were compared to the measured values (Table 5 and 6),

for all test incidence angles at the three test wavelengths within the uncertainty of our

measurement (£0.5°). The simulations have been tabulated in Tables 7 and 8 according to

angle of incidence (normal, 1% Bragg and 2" Bragg), for each test wavelength. Good

agreement was observed between the simulated and measured diffraction order angular

spread.

Table 7: Simulated diffraction angles of the 1.595um period grating, for all propagating orders of the pre-

processed original (Blank) grating, at 594nm, 612nm and 633nm, for three angles of incidence.

Simulated 15t Simulated ond Simulated
Normal
(Blank) Bragg (Blank) Bragg (Blank)
594nm | 612nm| 633nm 594nm | 612nm |633nm 594nm | 612nm | 633nm
(S/P) | (SIP) | (S/P) (S/P) | (SIP) | (SIP) (S/P) | (SIP) | (SIP)
0, | 481 [ 501 | 525 | 0,, | 695 | 75.4 | 837 | - - - -
0, 21.9 22.6 23.4 0, 34.3 357 | 367 | O, 49.2 50.9 53.7
0, 0.0 0.0 0.0 0, 111 116 | 11.6 0, 22.6 23.1 24.1
6, | 219 | 226 | -234 | 0, | -104 | -105 |-123| 6, | 07 | 05 | 07
0, |-481| 501 | -525 | 6, | -336 | -345 [-364| 6, | -21.1 | -22.0 | -226
- - - - 0, | 677 | -71.8 | -81.8 | 6, | -47.0 | -49.3 | -51.4
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Table 8: Simulated diffraction angles of the 1.166pum period grating, for all propagating orders of the pre-

processed original (Blank) grating, at 594nm, 612nm and 633nm, for three angles of incidence.

Simulated 1st Simulated ond Simulated
Normal
(Blank) Bragg (Blank) Bragg (Blank)
594nm | 612nm | 633nm 594nm | 612nm [633nm 594nm | 612nm | 633nm
(S/P) | (S/P) (S/P) (S/P) | (S/IP) | (SIP) (S/P) | (S/P) | (SIP)

0, | 300 | 311 | 322 | 0, | 492 | 512 | 537 | - - - -
6, | oo | oo | 00 | o | 148 | 153 | 158 | 6, | 308 | 318 | 33.0

0, | -300 | 311 | 322 | 0, | -142 | -146 |-151| 0, | 07 | 07 | 07
- - - - 0, | -482 | 502 |-526| 0, | -2903 | -30.3 | -315

- - - - - - - - 0, | -s18 | - -

To observe the trend in the ratio of efficiency of the diffracted orders as a function
of incidence angle, the simulated gratings in VirtualLab Fusion software were used to
plot the diffraction efficiency of individual orders with respect to the incidence angle

(Figure 36). The design was operated at 594 nm and S polarization.

For 1.595 um period grating (Figure 36(a)), at normal incidence there were 5
propagating diffraction orders, with equal 1%- order efficiencies (n+1). At 1% Bragg
incidence 1.1 was observed to be higher than n+1 and, there were 6 transmitted
propagating diffraction orders. At 2" Bragg incidence the +2 order becomes evanescent
and n.1 was observed to be higher than n+1. And for 1.166 um period grating (Figure
36(b)), at normal incidence there were 3 propagating diffraction orders, with equal 1%-

order efficiencies (n+1). At 1! Bragg incidence n+1 was observed to be higher than n.1 and,
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there were 4 transmitted propagating diffraction orders. At 2" Bragg incidence the +1

order becomes evanescent and 1.1 was observed to be the highest.

Similar trend was observed for diffraction order efficiencies at 612 nm and 633

nm for both the gratings (Not shown in

figure). The calculated results indicate that the

tilted grating orientation will impact the diffraction efficiencies of the £1 orders and, the

number of propagating orders.
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Figure 36: Simulated Transmission diffraction efficiencies of all orders for (a) 1.595um and (b) 1.166um

period gratings at 594nm and S polarization grouped by angle of Incidence.
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3.3.4 Diffraction Efficiency measurements

In order to verify that Fresnel reflectivity was suppressed by the rARSS
fabrication, the reflected diffraction efficiencies were measured prior and post-application
of the random structures. The measured reflection efficiencies of the original and the
rARSS processed gratings were compared for zeroth-order (0™) and positive-first-order
(+1%) (Figure 37). The measurements were carried out at all three test wavelengths and
incidence angles. For the 1.595um period grating (Figure 37(a,b)), at 2" Bragg
incidence, the reflected efficiency for +1% order has reduced considerably from about 7%
to 1% on average. Similar results show at 1% Bragg incidence for 0™ order, the reflection
efficiency reduced from 9% to 0.5% for the fabricated rARSS enhanced grating surface.
For the 1.166pum period grating (Figure 37(c,d)), at 2" Bragg incidence, the reflected
efficiency for +1% order has reduced considerably from about 15% to 6% on average.
Similar results show at 1% Bragg angular incidence, the reflection efficiency of the O™
order reduced from 10% to 1% for the rARSS enhanced grating surface. On average after
the fabrication of rARSS structures the grating reflection efficiencies reduced to about 1-

2% from 7-14%.

Fresnel reflection loss per surface for planar fused silica averages around 3.5% at
633 nm wavelength, and an ideal AR coating on the planar side of the grating substrates
would have reduced the reflection loss by that amount. We note that the reflection loss
has reduced by a considerable amount from 7-8% for both the gratings. This must be due
to the reflectance suppression on both sides of the grating substrates, due to the presence

of rARSS structures on both surfaces.
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Figure 37: Measured reflection diffraction efficiencies of (a)1.595um Oth order, (b)1.595um +1st order,
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at 594 nm, 612 nm and 633 nm. Solid bars represent the original grating measurements, while the patterned
bars show the same grating post-processed measurement with rARSS.

The reduction in reflected diffraction efficiency should result in the transmission
enhancement and not lost to surface induced scatter. To confirm this, a comparison
between the measured total transmission diffraction efficiency for both the unprocessed

(original) and rARSS fused silica grating was made.

Table 9 and 10 show the comparison data for both gratings. Efficiency of all
propagating transmission orders were summed, to get the total transmission by the
gratings (Equation 13). Measurements shown include, all test wavelengths (594nm,
612nm and 633nm) and the three test angles of incidence: normal, 1% Bragg and 2"
Bragg; and both incident polarizations of light. An enhancement was verified for total

transmission in all test cases for both period gratings. Enhancement for S polarized light
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was maximum and, was around 7% for 1.595um period grating and 10% for 1.166um

period grating at all test incidence angles.

+q
Nrotal = 2 NMm = = +tNg1 +No+1N_qg+N_z+ -
=—1

negative order.

(13)

Where q is the highest propagating positive order and | is the highest propagating

Table 9: Comparison between total transmission intensity of all propagating orders for the original (blank)

and rARSS grating, for various angle of incidence at 594 nm, 612 nm and 633 nm, for the 1.595um period

grating.

A Blank rARSS Blank rARSS
Normal (S) Normal (P)

594 nm 95.61 97.66 93.55 97.81

612 nm 95.00 99.00 91.15 97.61

633 nm 90.00 96.00 92.35 97.62
1 Bragg (S) 1t Bragg (P)

594 nm 92.31 97.54 94.97 97.25

612 nm 87.70 99.80 96.10 99.20

633 nm 84.83 94.70 92.88 95.77
2" Bragg (S) 2" Bragg (P)

594 nm 87.31 91.38 86.46 92.97

612 nm 85.68 92.30 90.81 96.67

633 nm 83.70 92.61 95.55 96.14
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Table 10: Comparison between total transmission intensity of all propagating orders for the original (Blank)

and rARSS grating, for various angles of incidence at 594 nm, 612 nm and 633 nm, for the 1.166um period

grating.
A Blank rARSS Blank rARSS
Normal (S) Normal (P)
594 nm 73.1 81.1 82.1 82.6
612 nm 734 88.5 87.0 86.2
633 nm 76.6 84.7 85.6 91.1
1 Bragg (S) 1t Bragg (P)
594 nm 87.7 95.4 92.3 96.6
612 nm 91.0 97.3 95.3 98.4
633 nm 89.7 96.7 95.3 97.8
2" Bragg (S) 2" Bragg (P)
594 nm 75.8 78.8 73.0 80.2
612 nm 70.3 88.1 74.1 81.1
633 nm 715 82.6 72.5 84.5

The reduction in reflected diffraction efficiency has resulted in the enhancement

of the total diffracted propagating order transmittance, which confirms that the

reflectance suppression was not lost due to surface induced scatter.

In order to verify the reduced reflected diffraction efficiency by the rARSS, the

individual transmission diffraction efficiencies were measured, and summed them up to

get a total propagated transmission intensity, prior and post-application of the random

structures. To quantify the amount of scattering loss, the total propagated transmission

intensity of all orders was added to the amount of reflected intensities from -1, 0, +1
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orders and subtracted the result from the total incident intensity. An average scatter loss
was calculated for all test wavelengths and AOI. This gave an average intensity loss of
5.16% for 1.595um period grating and 2.23% for 1.166um period grating. It must be
noted that the intensity loss includes the total scattering from surface and reflection
intensity of higher orders (-3, -2 and +2). Considering from simulations that the intensity
of higher reflection orders sums up to around 2-3%, the total scattering loss for 1.595um
grating would be less than 2% and for 1.166um grating will be less than 0.5%. The
results verify that no substantial scattering losses were observed, on both directions, as
the average lateral dimension of the random structures fabricated by our process, was
measured to be between 30 nm and 60 nm (Section 3.3.6). This scale is ten to twenty-
times smaller than the test wavelengths (594nm, 612nm and 633nm) used, contributing to

measurable scatter effects for wavelengths shorter than 300nm.

To verify the transmittance of each individual diffraction order at different test
angles of incidence, intensity measurements made pre-and-post etch are plotted in Figure

9 below for the 1.595um period grating and Figure 10 for the 1.166pum period grating.

For 1.595um period grating, the equal efficiency #+1 and #-1 order intensities at
normal incidence, changed to an unbalanced efficiency ratio after the fabrication of the
rARSS on the grating surface, even though the total transmission from all the orders
combined was higher post-process (Figure 38(a-d)). This trend was observed for all three

wavelengths and both polarizations.

At 1%t Bragg angle of incidence, which is also the Littrow reflection angle, the

unprocessed grating simulations indicated unequal n+1 diffraction efficiencies (Figure
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36(a)). We measured the n+1 order intensities for the unprocessed grating and found them
in agreement with the simulations. Post-rARSS application, the grating intensities of 71

orders were measured to be nearly equal. This was observed at all three test wavelengths
and both polarizations. The reduced reflection has resulted in an enhancement of 7>

orders (Figure 38(ai-d1)).

For 2" Bragg angle of incidence, the unprocessed grating simulations indicated
unequal n:1 diffraction efficiencies along with +2 becoming evanescent (Figure 36(a)).
We measured the n+1 order intensities for the unprocessed grating and found them in
agreement with the simulations efficiencies along with +2 becoming evanescent. The
intensity weight of the #+1 orders reversed after etching. We observe high enhancement in
the #-2 order for the processed grating, which contributes to the net enhancement in the

total summed transmission of all propagating orders (Figure 38(az-d>)).
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Figure 38: Transmission diffraction efficiencies for the 1.595um period grating at normal incidence (a-d).
Comparison between efficiencies of all propagating orders for (a) unprocessed FS grating for S polarization,
(b) rARSS FS grating for S polarization, (c) unprocessed FS grating for P polarization and (d) rARSS FS
grating for P polarization, at each test wavelength. Similar plots at (a1 — d1) 1%t Bragg incidence and (a; — ds)

2" Bragg incidence.
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For 1.166pum period grating, under normal incidence mounting, the efficiencies
n+1 and n-1 and the zeroth-order no have the same transmittance enhancement value after
the fabrication of the rARSS on the grating surface (Figure 39 (a-d)). This trend was
observed for all the test wavelengths and both S and P polarizations. At 612nm incident
wavelength a definite enhancement in all individual orders was observed for normal

incidence.

For the original unprocessed grating, the measured efficiency (figure 39(a1 and
C1)) of n-1 is greater than n+1 under 1% Bragg incidence, which was verified by simulations
(figure 36(b)). The fabrication of rARSS on the grating resulted in n-1 measured
intensities that were considerably higher compared to n+1, with additional enhancement in
no (figure 39(b1 and dy)). This was verified at all test wavelengths and both S and P

polarizations.

At 2" Bragg incidence the +1-order becomes evanescent. The measured intensity
-1 remained almost similar with an enhancement in 1.2 after rARSS were fabricated on

the grating (Figure 39(az — d2)).
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Figure 39: Transmission diffraction efficiencies for the 1.166um period grating at normal incidence (a-d).
Comparison between efficiencies of all propagating orders for (a) unprocessed FS grating for S polarization,
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3.3.5 Diffracted Beam profile measurements

To complete the tests of the effects of rARSS nanostructures on binary fused
silica gratings, the beam profiles of the diffracted light were measured using a CCD
camera beam profiler (BC106N by THORLABS). The beam profile of the input gaussian
beam from the He-Ne laser was measured for the original grating and rARSS processed
grating. The gaussian beam profiles were measured for +1 diffraction orders, which carry
the maximum transmission efficiency. To see the small variations in the gaussian
profiles, the measured beam profiles were plotted on a vertical logarithmic scale, and are
shown below for 612nm incident wavelength and both S and P polarization, which was
the maximum enhancement wavelength. Figure 40 and 41 show the beam profiles for £1
diffraction orders at normal and 1 Bragg incidence. We can observe for both the gratings
that the profile of the incident light remained almost unaltered by fabrication of the

random AR structures on the gratings.
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Figure 40: Transverse beam profile comparison between original and rARSS grating, for -1st and +1st

diffraction orders at normal incidence (a-b), 1% Bragg incidence for 1.595um period grating (c-d) and, 1%

Bragg incidence for 1.166um period grating (ai-b1). The data was measured for an incident wavelength of

612nm (S pol). The vertical (intensity) scale is logarithmic to accentuate differences between the profiles.
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Figure 41: Transverse beam profile comparison between original and rARSS grating, for -1st and +1st
diffraction orders at normal incidence (a-b), 1% Bragg incidence for 1.595um period grating (c-d) and, 1%
Bragg incidence for 1.166um period grating (ai-b:). The data was measured for an incident wavelength of

612nm (P pol). The vertical (intensity) scale is logarithmic to accentuate differences between the profiles.
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3.3.6 Granulometry results

The top-down SEM images shown in Figure 32(c,d) are used to analyze the lateral
dimensions of the random structures created on the surface of the grating. To quantify the
size distribution, granulometry was used. Granules used for classification were regular
octagons, which varied in size from 1 to 81 pixels along their diagonal. Each pixel was
scaled according to the dimension bar on the SEM image measurements. In order to
observe the difference in size distribution of the structures on top of the grating,
compared to the bottom (trenches), each SEM image was cut into different segments and
the bottom and top portions of the grating were analyzed separately. This was done for
both gratings, where the product of size distribution and corresponding spectrum is
plotted across each granule diameter. Figure 42 represents the distribution histogram
plots, where each plot shows the distribution of voids and islands within the SEM image.
Each figure gives the details about the mean diameters of the voids and islands present in

the image and the weights of the respective populations.
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Figure 42: Distributed histograms of the rARSS feature populations on 1.595um period grating’s: (a) Bottom
surface and, (b) Top surface; as well as, 1.166um period grating’s: (c) Bottom surface and, (d) Top surface.
The feature sizes correspond to the SEM micrographs of the random structure on the gratings shown in Fig.
3(c,d). The distribution of islands is represented by the black bars and the voids by white bars. The

populations are normalized to the total surface area.

Figure 42(a,b) shows that for 1.595um period grating, the bottom of the grating
has smaller islands and larger voids, with a mean diameter of 40nm and 53nm
respectively, while the top of the grating has larger islands and smaller voids, with a
mean diameter of 61nm and 50nm respectively. This shows a difference in the size
distribution of the islands on top compared to the bottom of the grating surface. Figure
42(c,d) shows that the distribution of islands and voids on top and bottom of the grating
are similar to each other, with a mean diameter of around 50nm for both islands and
voids.
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The coverage density of the islands and voids in an image can be extracted from

the granulometry data. The precent coverage (p) can be calculated using Equation 14,

where the granule size (hg) is multiplied by the number of such granules occurring (6Ag)

in the histogram, and summed up for all granules (N). The coverage was normalized over

the total surface area (A) measured. This was done separately for both islands and voids,

to get an estimate of the total percentage of the area counted by granulometry. We made

sure the total percentage was below 100% to avoid overcounting the pixels (Equation 15).

The percent coverage for each grating and its surface is shown in Table 11. It should be

noted that the sum of percent coverage of islands and voids should not exceed 100% for

an individual image, to make sure that the program is not over-counting the pixel clusters

(granules).

N
1
Pistands = (Z) Z hg- 6Ag (14)
g=1
Pislands + Pvoids < 100% (15)

Table 11: Percentage coverage density of voids and islands for bottom and top surfaces of 1.595um and

1.166um period gratings.

Grating Bottom coverage (p) Top coverage (p)
Voids Islands Voids Islands

1.595um 59.1% 32.8% 46.9% 48.6%

1.166pm 51.2% 41.4% 53.0% 41.5%
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The percent coverage of voids and islands for 1.166um period grating has the
same ratio on bottom and top surface. Which is not the case for 1.595um period grating,
where the bottom has much higher percentage of voids compared to the top. It is
important to note these differences of the random structures, as they change the effective

index of the AR region on top and bottom of the grating surfaces.

For better visualization, a depiction of how the surface of the gratings would look
with rARSS is shown in Figure 43. Figure 43(a) represents the large period grating
(1.595pum), with more islands on the top compared to the bottom. This implies that in the
AR surface on the top, we have more fused silica compared to the AR surface on the
bottom. This results to a higher effective index on the top AR surface compared to the
bottom AR surface, that has more air and less fused silica. For the small period grating
(1.166pm) shown in Figure 43(b), the density of islands is similar on top and bottom of
the grating surface (41.5%). This results to a similar effective index of the AR surface on

the top and bottom of the grating.

Islands Coverage
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Figure 43: Visual representation of the percentage island coverage in the top and bottom of the rARSS grating
with a period of (a) 1.595um and (b) 1.166um.
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3.4 Optical performance vs angle of incidence

In this section, we present the diffraction efficiency performance of two near-
wavelength period binary gratings at variable angle of incidence (AOI) for both S and P
incidence polarizations. The transmission of the propagating diffracted orders was
measured with varying angle of incidence from 0° to 70° in steps of 2° for the original
unprocessed grating and rARSS grating. This was done for both S and P polarizations at
three incident wavelengths (594nm, 612nm and 633nm). The data reported in this section
is only for a wavelength of 612nm, as the maximum enhancement was measured at that
wavelength and at the other wavelengths similar trends were observed with varying
incidence angle. Individual propagating order efficiencies were measured and then
summed to get the total transmission intensity for a particular AOI and polarization state.
The plots (Figure 44 - 47) represent a direct comparison of transmission intensity post

and pre-fabrication of rARSS on top of the gratings.

The 1.595um period grating has 5 propagating orders (-2, -1, 0, +1, +2) at 0° AOI
and as the AOI increases “+1”” and “+2” orders become evanescent and higher orders (-3,
-4 and -5) become non-evanescent. Figure 44 and 45 show the transmission intensity
plots with varying AOI for S and P polarized incident light. Comparing the total
transmission efficiency, we observed a definite enhancement across all AOI for rARSS
grating compared to the original grating. The enhancement for S polarized light (Figure
44(a)) was higher compared to the P polarized light (Figure 45(a)). This was due to the
fact that for an unprocessed flat substrate, the S polarized light has less efficiency than

the P polarization at higher AOI, and we observe a polarization splitting for AOI greater
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than 30°. For a rARSS processed flat substrate, a report indicated that polarization
insensitivity was observed for AOI up to 55° [11]. A similar effect was observed in case
of the total summed transmission of gratings to get the polarization insensitivity at higher
AOI, due to which the enhancement for S polarized light was higher compared to P
polarization for AOI greater than 40°. It is commonly known that internal reflections
from front and back surface of an optical window results in interference effects. These
interference effects lead to oscillations in the transmission intensity with variable AOl,
which was observed in the case of total summed transmission efficiency for the
unprocessed gratings from 0° to 20°. Due to processing of rARSS on both the surfaces of
the grating, the internal reflections from the flat side vanish and we observe a much

smoother curve without oscillations in the transmission intensity with varying AOI.

Total summed diffraction efficiency plots for 1.595um period grating (Figure
44(a) and 45(a)) show a large drop in the intensity at an incidence angle of 40°. This
happens mainly due to the +1 order (maximum efficiency order) becoming evanescent at
40° AOI, creating a grating anomaly. After rARSS fabrication it was observed that the
intensity loss at the anomaly has been reduced by a factor of 10-20%. This is due to
distribution of the lost light into other propagating orders compensating for the loss from

+1 order.

Figure 44 (by — bg) and 45 (b1 — bs) show the individual order comparison with
varying AOI for S and P polarized incident light. It was observed that the cut-off angle
for the +2 and +1 diffraction orders remined unchanged, due to the unchanged grating
period. And overall the intensity of the orders was enhanced by fabrication of rARSS

onto the grating profile.
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Figure 44: Measured transmission diffraction efficiency vs AOI for 1.595um period grating at S polarization.

The cross labels represent the original grating, while the circles represent the rARSS grating. The plots

represent (a) Total summed efficiency and (b1 — bg) individual order efficiencies.
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Figure 45: Measured transmission diffraction efficiency vs AQOI for 1.595um period grating at P polarization.

The cross labels represent the original grating, while the circles represent the rARSS grating. The plots

represent (a) Total summed efficiency and (b1 — bg) individual order efficiencies.
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The 1.166um period grating has 3 propagating orders (-1, 0, +1) at 0° AOI and as
the AOI increases “+1” order becomes evanescent and higher orders (-2 and -3) become
non-evanescent. Comparing the total transmission efficiency, a definite enhancement
across all AOI was observed for rARSS grating compared to the original grating. The
enhancement for S polarized light (Figure 46(a)) was higher compared to the P polarized
light (Figure 47(a)). The interference effects were observed in the case of total summed
transmission efficiency for the unprocessed gratings from 0° to 20° and for rARSS
grating, a smooth curve was observed without oscillations in the transmission intensity

along variable AOI.

Total summed diffraction efficiency plots for 1.166um period grating (Figure
46(a) and 47(a)) show a large drop in the intensity at an incidence of 30° due to the +1
order becoming evanescent at 30° AOI. After rARSS fabrication it was observed that the
intensity loss at the anomaly has been again reduced by a factor of 10-20%. A similar
effect of higher enhancement for S polarized light for AOI greater than 50° was observed

for total summed transmission efficiency of the grating.

Figure 46 (b1 — bs) and 47 (b1 — bs) show the individual order comparison with
varying AOI for S and P polarized incident light. A similar effect was observed for the
cut-off angle of +1 diffraction order, which remined unchanged. The overall intensity of
the orders was enhanced by fabrication of rARSS onto the grating profile. Although for
0" order, the shape of the diffraction efficiency curve with varying AOI changed after
rARSS fabrication and a much smoother transition was observed across the AOI (Figure

46(b2)).

89



(a) Total T (1.166um - S polarization)

.00 = m = mm e,
1
0.95 4+ !
X x -
00 590 T e X, !
ossfx L ox X % % X 1
0.80 T/ \¢ \ ’,x X o » !
/ X%
0.75 4 2 X, ]
\ SN X % !
0.70 + VX xS Y |
! X |
0.65 1 |
%x X
0.60 1 Y
1
055 + b3
1
0.50 t + + + + ' |
0 10 20 30 40 50 60 70
(by) (b,)
0.50 === === === mmmmmm - mmmmm oo 0.50 pm==== === mmmmmmmmmmmmmm :
+1 Order 1
045 } ' 045 1 0 Order :
1 1
0.40 T+ X 1 040 1 1
: xx\ % 1 X 1
035 + PT XXk 1035 1 A f
Xx N | % % !
> 030 & X X, | 030 Xy X ]
o %S ; X X XK
X I 1 A B XX ]
c 025 T ‘ ! 025 i " ey 1
(7] i ' / s X!
QD 020 + ;020 + J Xy
Q | 015 3 H
& o015 f 1015 4
G 1 XK. K 1
© o010 1 o0t HETHK XX Xy !
< o005 + 1005 + |
[e) ‘_ _ ) ) 1 1
'_': 0.00 t t et e s eney. 0.00 4
8 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
—
& (bs) (by)
o 050 p-==-=-=-=-=------ ]_._0_ —————————————————— T sty i
-1 Order -2 Order '
C o045 + 1 045 1 1
o 1 1
.= 040 + | 040 T ]
a X Xy X R ' '
2 035 @ X’ X XXOO%x1 035 + 1
X X5% N VA Xx~ O® ]
E 030 #X XXX,/ " o30 ]
n
C 025 + : 0.25 + :
1
lr_f 020 1 | 020 T '
1 1
015 + 1015 T X !
1
X X, 1
0.10 1 10,10 o sen XX X XX 7
! B 0od0 X (3% Cxx ]
SO NRAY, SOS VIS VIS, XX
0.05 T | 0.05 T XXX KK xxx;(
0.00 . : . : . " | 000 % . . . : . . |
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
(b5) I T g
- 1
045 + 3 Order !
1
0.40 T 1 - - -- Blank
1
035 T !
030 + ] rARSS
0.25 + 1
0.20 + 1
1
0.15 1 :
0.10 t :
o0s 1 0000000004
0.00  deiesbeisb s b 3 e e =+ .Z‘*
0 10 20 30 40 50 60 70

Angle of Incidence (°)
Figure 46: Measured transmission diffraction efficiency vs AOI for 1.166pum period grating at S polarization.

The cross labels represent the original grating, while the circles represent the rARSS grating. The plots

represent (a) Total summed efficiency and (b1 — bs) individual order efficiencies.
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Figure 47: Measured transmission diffraction efficiency vs AOI for 1.166um period grating at P polarization.

The cross labels represent the original grating, while the circles represent the rARSS grating. The plots

represent (a) Total summed efficiency and (b1 — bs) individual order efficiencies.
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3.5 Diffraction efficiency comparison of measured and simulated gratings

To verify the measured diffracted efficiency results of the gratings, each grating
was simulated in VirtualLab Fusion software [55] and using a rigorous coupled wave
analysis (RCWA) routine in MATLAB. VirtualLab is a packaged software, where as the
RCWA routine is a MATLAB program. Both use vector analysis to find the efficiencies
of the propagating transmission orders. The unprocessed (Blank) grating and a perfect

single-layered anti-reflective (SLAR) processed grating were simulated using the
software. A refractive index of /nzgn,;, was used as the material for the SLAR

interface. The measured and simulated data of the original grating, the simulated date of

the SLAR grating and measured data of rARSS grating were compared (Figure 48).

(@)

Figure 48:Visual representation of the comparison between (a) original, (b) SLAR, and (c) rARSS grating.
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Figure 49 and 50 show the comparison of measured and simulated efficiency of
the diffracted orders as a function of incidence angle for 1.595um and 1.166um gratings,
at 612nm incident wavelength and S polarized light. Good agreement was observed
between the simulated and measured total diffraction efficiency for the original
unprocessed gratings (Figure 49(a) and 50(a)). For 1.595 um grating, the total diffraction
efficiency for SLAR grating data matches with the rARSS grating to 38° incidence, and
for AOI greater than 40° the transmission of SLAR is much lower compared to the
rARSS grating (Figure 49(a)). Similar trend was observed for 1.166um period grating,
where the total transmission of SLAR and rARSS was similar to about 30°, after which
we can see a huge enhancement in transmission of rARSS grating at higher AOI (Figure
50(a)). The rARSS grating was more efficient than a SLAR grating at higher angles of
incidence. At the anomalies of total transmission, the enhancement due to rARSS was
much higher compared to the SLAR. With regards to the individual order efficiency, the
SLAR grating simulation shows a similar enhancement for all the order with no change in
the shape of the diffraction efficiency curve with varying AOI. But in case of rARSS
grating some orders had a much smoother transition across the AOI, which was mainly

visible for the 0™ diffraction order (Figure 49(bs) and Figure 50(b2)).
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Finally, comparing +1 and -1 order diffraction efficiency vs AOI to of each other
for 1.595um period grating. The curves intersect at a particular AOI for the unprocessed
grating, which changes after rARSS fabrication (Figure 51). From the simulation of
cross-section point of £1 order vs changing phase depth of the 1.595um grating, it was
observed that the measured phase depth variation due to random structures match the
simulation of varying phase depth for both S and P incidence polarization (Figure 52).
This can be used as a technique to estimate the phase depth of the grating without dicing
the actual grating. It works as a non-destructive technique to monitor the surface
modification on gratings due to the etching process. It also indicates an effective depth

(phase) for the randomly structured layer.
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Figure 51: Figure showing the intersection point of +1 and -1 order for (a) unprocessed and (b) rARSS

processed 1.595um period grating.
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3.6 Summary and Discussion

The rARSS nanostructuring treatment on near-wavelength scale period, linear,
binary, phase gratings were tested to observe performance effects. The structures were
fabricated on two commercially purchased gratings with periods of 1.595+0.050pm and
1.166+0.050pum using a single-step etching process in a reactive-ion etching tool. The
same etch parameters were used to fabricate random nanostructures on both the gratings,

and on both respective surfaces (front-back).

The SEM images verified the presence of random structures on the top and inside

the grooves (trenches) of both gratings. The periodicity of the gratings appeared to be
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unaffected, as the binary phase sidewalls were not perturbed, which was confirmed by
measurement of the diffraction angles of all propagating diffraction orders, under all test
conditions. We concluded that the rARSS treatment has no adverse effects on the grating

periodicity after the etching fabrication process.

The reflected diffraction efficiency was reduced by a factor of 10 after rARSS
fabrication on top of the gratings, which suggests that the structures act as an anti-
reflective treatment. The reflection efficiency of both the gratings was less than 2% on
average, at normal and Bragg incidence conditions. A definite enhancement of the total
diffracted transmission efficiency of the sum of all propagating orders was verified,
which confirms that the reduced reflection efficiency results in transmission enhancement
and not scattering. This result suggests that the small columnar defect at the edge of the
binary phase transition sidewall has minimal adverse effects, mainly due to its

considerably subwavelength diameter.

Comparing individual propagating diffraction efficiencies for the transmitted
orders we measured a preferential enhancement in a particular order for each grating
under different mounting conditions. For the large period grating (1.595um), equal
grating transmission intensities of the +1 orders for both s and p polarizations was
observed at 1% Bragg incidence, and at normal incidence we observed that the rARSS
grating £1 order transmission efficiency were unequal. For the small period grating
(1.166um), at 1% Bragg incidence, the +1% order transmission efficiency is higher with
rARSS, while at 2" Bragg incidence, the -2" order transmission efficiency is higher with
the random structures present. The effect was more pronounce with S-polarized incident

light, and not as much with P-polarization. Simulations confirmed that this preferential
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diffraction efficiency enhancement is possible for a single thin-film AR coating, provided
that the film thickness at the elevated grating feature is “thinner” than the film thickness
in the groove of the grating. The same value preferential transmission enhancement for
the simulations was noted for a factor of four (4x) larger than the one we measured in the
gratings tested. This discrepancy may be due to the simplified simulation model we used,

as a single-layer AR coating with index equal to the radical of the fused silica index

(v/n = 1.21), and not a gradient index profile.

The presence of the rARSS on the grating surfaces had no measurable effect on
the transverse beam profiles of the diffracted orders, at any test conditions presented here.
The granulometry data showed that the percent coverage of voids and islands for
1.166um period grating has the same ratio on bottom and top surface, whereas for
1.595um period grating, the bottom has much higher percentage of voids compared to the
top. This changes the effective index of the AR surface on top and bottom for the

1.595um period grating.

Measuring the total diffraction transmission efficiency with varying AOI from 0°
to 70°, a definite enhancement was observed for both the grating at S and P polarizations.

The oscillations at lower AOI were reduced and an enhancement of more than 20% was

observed for S polarization at AOI greater than 40°. Comparing the RCWA simulation of
a SLAR grating with the rARSS grating, similar enhancement was observed till 30° AOI,

but the SLAR grating did not show the huge enhancement like the rARSS grating for

AOI greater than 40°.
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Based on our extensive test results, we conclude that the fabrication of random
nanostructures on pre-existing binary fused silica gratings have the desired reduction in
diffracted reflection efficiency, and enhancement of the total diffraction transmission
efficiency, acting as an anti-reflective treatment. No adverse effects were observed on the

diffractive properties of the original grating [56, 57].
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CHAPTER 4: CONCLUSIONS

4.1 Summary of Optical performance of Random Anti-reflection Structured Surfaces on
Flat Optical Windows

Two fundamentally different fabrication techniques were used to apply rARSS to
flat optical windows. Random structures were created on fused silica by a two-step
etching process. The first step involved gold sputtering to deposit a 20nm discontinuous
layer on fused silica substrate, that acts as a seed layer to initiate the etch process. The
second step involved etching the substrate in a fluorine plasma. The samples were tested
for different etch times. It was observed that increasing the etch time resulted in an

increased transmission enhancement at longer wavelengths.

The anti-reflective surface was characterized by measuring the effective depth and
lateral dimensions of the random structures. Confocal microscope measurements showed
that increasing the etch time increased the effective depth. This measurement indicated
that the scattering edge of the transmission spectrum shifts to longer wavelengths due to
the increase in effective depth of the random surface. The structure effective depth for
maximum enhancement in the visible wavelength region was measured to be 0.5um,
which is of the order of a wavelength. Granulometry of the scanning electron
micrographs of the etched surface gave a mean structure lateral dimension of around
55nm. This implies that the anti-reflective surface consists of tall, thin conical features.
Maximum transmission, greater than 99%, was achieved within the 500 — 800 nm

spectral region, for a double side processed fused silica substrate. Overall, the etching
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technique created random nanostructures on fused silica substrate that act as a broad-band

anti-reflective treatment, without thin film interference effects.

A different fabrication technique was used to create rARSS on Cleartran ZnS
optical windows. A high-power, nanosecond duration pulsed laser was used to irradiate
the surface and create roughness using localized sputtering and redeposition in

atmosphere. This technique does not involve any etching or lithographic process.

Roughness measurements of the surface after irradiation have shown an increase
in the effective ablated depth by increasing the net irradiation energy. It was also
observed that the roughness does not change considerably for variable energy density for
a set of pulses. The stratification ratio remained unchanged for the various irradiation
tests performed, indicating a similar surface coverage profile density for all the
irradiations tested. These results indicated a control on the measurable roughness on

Cleartran ZnS.

Cleartran has a Fresnel’s reflection loss of 14% per surface in the IR region. A
single side irradiated surface showed a maximum transmission enhancement of 7%
across the MWIR (3 - 10 um) spectral region. No contaminations were formed on the
surface due to oxidation in atmosphere like ZnO. Confocal microscopy measurements
indicated the random surface structure height value of 135nm and, the granulometry of
the random surface has shown the structure lateral dimensions to be around 25nm for the

maximum enhanced sample.

The random structured surfaces were formed through an ablation and re-

deposition process, triggered by the high-power laser pulse and performed as an anti-
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reflective treatment on Cleartran surface. Overall, the irradiation technique enhancement
was measured to be 7%, which was comparable to 6-10% enhancements found in the
literature. The enhancement reported in the literature is due to a combined effect of
nanostructuring and a thin film effect. The work presented here, successfully created
rARSS on Cleartran ZnS with no oxidation observed (no thin film effect), implying the

enhancement is completely due to the random nanostructuring.

The flat optical windows work has shown two different fabrication techniques to

create random surface anti-reflective structures for visible and infrared optical windows.

4.2 Summary of Optical performance of Random Anti-reflection Structured Surfaces on
Binary Diffraction Gratings

The rARSS nanostructuring treatment applied to flat optical windows was
transferred on diffraction gratings, to observe any performance changes. The structures
were fabricated on two commercially purchased gratings, with periods of 1.595+0.050pum
and 1.166£0.050um, using a similar etching process as a flat window. The SEM images
verified the presence of random structures on the top and inside the grooves (trenches) of
both gratings. The periodicity of the gratings appeared to be unaffected, as the binary
phase sidewalls were not perturbed, which was confirmed by measurement of the

diffraction angles of all propagating diffraction orders.

The initial optical performance test involved comparing the reflected diffraction
efficiency of rARSS grating and comparing it with the unprocessed grating. The results
indicated a reduced reflection efficiency by a factor of 10 for both the gratings. The
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resulting reflection efficiency over all orders of rARSS gratings was less than 2% on
average for the performed test conditions. The next test was to observe if the reduced
reflection efficiency resulted in an enhanced transmission or to losses due to scattering
form the random surface profile. Comparing the total diffracted transmission efficiency
(sum of all propagating orders), it was verified that the reduced reflection efficiency was
converted to transmission enhancement. This was a verification the the random

nanostructures acted as an AR treatment on binary diffraction gratings.

Next, the individual propagating transmission orders efficiencies were compared
pre and post-application of rARSS. Since both the gratings were 50% duty cycle, the
unprocessed gratings had an equal efficiency of +1 orders at normal incidence, while the
remaining orders were suppressed. Post rARSS application, an asymmetry in the +1
orders was observed for the large period grating (1.595um), although other orders still
had less efficiencies compared to +1 orders. For the small period grating (1.166pum) the
+1 orders had equal efficiencies post processing with an enhancement in the transmission

efficiency.

The transverse beam profiles of the diffracted orders were measured, and no
changes were observed in the profile due to rARSS fabrication. Granulometry data was
taken for the SEM images and it showed that the coverage density of the random
nanostructures was different on bottom and top surface for the 1.595um period grating,
and similar for the 1.166um period grating. This implies that the effective index of the
AR surface on top and bottom (grooves) for the 1.595um period grating is different by a

small amount.
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To observe the effect of rARSS at high AOI, intensity of the transmitting
diffracted orders was measured from 0° to 70° and summed together to get the total
diffraction transmission efficiency at varying AOI. The results showed a definite
enhancement in the transmission at all AOI for both the grating at S and P polarizations.
Other interesting effects that were observed were, at lower AOI the oscillations from
internal reflections were reduced and more than 20% enhancement was observed after
rARSS fabrication for S polarization for AOI greater than 40°. To understand these
effect, RCWA simulations of a SLAR coated grating were performed and compared with
the rARSS grating measurements. A similar enhancement was observed to 30° AOI, but
the SLAR grating did not show the huge enhancement, compared to the rARSS grating

measurements for AOI greater than 40°.

In conclusion, the fabrication of random nanostructures on pre-existing binary
fused silica gratings was possible and produced the desired reduction in diffracted
reflection efficiency, and enhancement of the total diffraction transmission efficiency,
acting as an anti-reflective treatment, while maintaining the original diffractive properties

of the pre-fabricated grating.

4.3 Potential Future Work

The work presented in the dissertation has shown that random nanostructuring
treatment on pre-existing binary diffraction gratings has resulted in an increase in the
transmission while not effecting the diffractive properties such as the period, duty cycle,

angular spread and the beam profiles. Other diffractive optic components such as Fresnel
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lens (Figure 53(a)) and spot array generators (Figure 53(b)) also are subject to Fresnel’s
reflections. Reducing the reflections using AR thin film coating for these components is
much more complicated than the case of a grating, due to the Fresnel lens changes in

spatial variation of the period and the spot arrays having a complex structure profile.

It would be interesting to investigate how the rARSS treatment on these optical
components affects their diffractive properties and whether we get enhanced
transmission. It would also be useful as the rARSS treatment can be done on pre-
fabricated components and do not have to be considered prior to the fabrication of the

optical component itself.

(a) FEresnel Lens (b) Spot Array generators

Figure 53:Microscope image of (a) Fresnel lens and (b) Spot array generators.
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APPENDIX B: List of Optical Components

Component

Specifications

Binary diffraction grating

1.595um period,
50% duty cycle

Binary diffraction grating

1.166um period,
50% duty cycle

Zinc Sulfide Cleartran Windows (Uncoated)

25mm diameter,

3mm thickness

Thorlabs Components

Component Model Quantity

Photodiode Power Sensor S120C 1

Power Meter Console PM100A 1

Graduated Ring-Actuated SM1D12C 1

Iris Diaphragm

Dual Scanning Slit Beam BP209-IR 1
Profiler

CCD Camera Beam BC106N-VIS 1
Profiler

Continuously variable ND NDC-100C 1

filter
Other Components
Component Manufacturer Model Quantity
Tunable Helium-Neon (HeNe) Laser Newport R-30602/ 1
R-30603
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