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ABSTRACT 

PRANEETH GADAMSETTI.  Numerical and Optical Performance Characterization of 

Random Antireflective Surface Structures on Diffractive Optical Elements. 

(Under the direction of DR. MENELAOS K. POUTOUS) 

Antireflective structured surfaces (ARSS) are periodic, or random, distributions of 

three-dimensional nano-features fabricated directly on optical quality substrates, for the 

suppression of surface reflectivity from the dielectric boundary. Within the spectral band 

of efficient antireflective operation, the structures are sub-wavelength scale in cross-

sectional diameter, and near-wavelength scale in height. As incident light passes from 

superstrate to substrate, the ARSS induce a synthetic index of refraction with a surface-

average optical dielectric density, effectively matching the electromagnetic impedance on 

the surface separating the media, thus reducing Fresnel reflectivity. Published studies often 

model random ARSS as stratified homogenous dielectric layers, globally averaging the 

transverse feature distributions to a single optical index value per layer, and ignoring their 

distributed profiles.  

In this work, the effects of pseudo-random deterministic transverse feature distributions 

within the ARSS and their antireflective properties were studied. Rigorous coupled wave 

analysis (RCWA) was used to compute the performance of periodic unit cell ARSS, 

superimposed on a binary-phase transmission grating as a function of the ARSS period, for 

TE and TM incident light polarization states, at normal angle of incidence. The results 

showed differences in performance between distinct ARSS distributions, despite their 

identical layer-averaged refractive index value. Sub-wavelength and near-wavelength scale 

unit-cell periodicities for ARSS with short autocorrelation lengths, show better overall anti-
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reflectivity performance, compared to less complicated feature distributions with 

comparable effective-permittivity layers. Numerical simulations for specific randomly 

distributed ARSS features correlated with anti-reflective performance efficiencies.  

In parallel, the fabrication process of random anti-reflective structures (rARSS) was 

optimized for fused silica optical flats, and then applied to deterministic phase-diffusing 

diffractive optical elements (DOE) to suppress Fresnel reflections. The goal of the effort 

was to examine the effects of rARSS application on existing optical components. Four 

commercially available DOE, a 2D spot array generator, a 1D spot array, a controlled-angle 

illumination diffuser, and a discrete-phase profile diffractive lens, were used to investigate 

the effects of rARSS on 3-dimensional segmented-phase topographies. Three diffractive 

diffusers were measured over the entire equatorial plane of incidence using a scatterometer, 

to determine changes from the original design illumination pattern due to the presence of 

rARSS beyond a simple transmission enhancement. The diffractive lens was measured 

using a power detector and a beam profiler to compare the focal spots before and after 

addition of rARSS in transmission and reflection. The tests verified significant reduction 

of Fresnel reflections by the rARSS on the surface of the DOE, without altering their 

original performance efficiency. Finally, the non-deterministic scatter effects due to 

inherent roughness of the rARSS on segmented phase profiles was characterized by 

comparing scatterometer measurements of optical flats and near-wavelength scale binary-

phase gratings. It is shown that scatter effects because of rARSS presence on optical flats 

and binary-phase gratings were negligible, indicating rARSS can be applied as an effective 

anti-reflection treatment to pre-fabricated optical surfaces with complex topography 

without degrading their performance. 



v 

 

DEDICATION 

 

 

This dissertation is dedicated to... 

 

... my parents, who have always been, and continue to be, the most amazing role models. 

I would not have made it this far without their constant unconditional support and 

encouragement.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

ACKNOWLEDGEMENTS 

 
 

 

First and foremost, I would like to express my sincere gratitude to my advisor Dr. 

Menelaos Poutous for his continuous support for my Ph.D study. His guidance has 

immensely helped me throughout my research and writing of this dissertation. I am grateful 

for all the time and energy he has given to me in my time at UNC Charlotte and could not 

have imagined to have a better advisor and mentor for my Ph.D study. 

Besides my advisor, I would like to thank the rest of my dissertation committee: Dr. 

Glenn Boreman, Dr. Tino Hofmann, Dr. Thomas Suleski and Dr. Suzanne Boyd, for their 

insightful comments and advice through the dissertation process. I greatly appreciate all of 

the time my committee has invested in me. 

My sincere thanks for the Graduate assistantships funded by Nuspot Technologies 

LLC,  Gamdan Optics Inc and Nanohmics Inc through a number of awards by DARPA, 

NSF and AFOSR for funding me during my graduate school career. I know that I am 

incredibly lucky to have been given such generous financial support and that without it 

completing this dissertation would have been much more difficult. 

I would also like to thank the Center for Optoelectronics and Optical Communications 

for the use of its equipment and facilities. Thank you also to Mr. Scott Williams, Dr. Lou 

Deguzman, and Jeffery Thousand for their patient training sessions and frequent help with 

equipment issues. 

Thank you to the past and the present members of the Optical Micro-structures 

Interfaces Laboratory, Karteek Kunala, David Gonzales, Uma Subhash, Subhasree 

Srinivas, Samir Paudel, Chris Wilson and Tom Hutchins, for all the training, 



vii 

 

troubleshooting, brainstorming, and general support they have given me. I consider myself 

very lucky to have had such a supportive lab. 

And finally, I am incredibly grateful to all my friends, and family for their continuous 

support and encouragement throughout this entire process. I would especially like to thank 

my parents for supporting me through writing this dissertation and my life in general. I 

truly could not have done this without you. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

 

 

TABLE OF CONTENTS 

LIST OF TABELS .......................................................................................................................................... x 

LIST OF FIGURES ........................................................................................................................................xi 

LIST OF ABBREVATIONS ........................................................................................................................ xix 

CHAPTER 1: INTRODUCTION .................................................................................................................... 1 

1.1 Methods of Anti-reflection .................................................................................................................... 1 

1.2 Fabrication techniques of anti-reflective subwavelength structures ...................................................... 6 

1.3 Characterization of anti-reflective structured surfaces on optical phase elements ................................ 9 

1.4 Dissertation Overview ......................................................................................................................... 14 

CHAPTER 2: NUMERICAL STUDY OF FEATURE-DISTRIBUTION EFFECTS FOR ANTI-

REFLECTION STRUCTURED SURFACES ON BINARY GRATINGS .................................................. 17 

2.1 Introduction ......................................................................................................................................... 17 

2.2 Motivation ........................................................................................................................................... 18 

2.3 Numerical Experiment Design ............................................................................................................ 24 

2.3.1 Effective Medium Theory ............................................................................................................ 24 

2.3.2 Dammann Gratings as AR-layers ................................................................................................. 28 

2.4 Numerical Experiment Results ............................................................................................................ 34 

2.4.1 Net Transmission Enhancement ................................................................................................... 34 

2.4.2 Transmission Angular Intensity Spectrum ................................................................................... 39 

2.4.3 Wave propagation simulations ..................................................................................................... 42 

2.5 Summary ............................................................................................................................................. 44 



ix 

 

CHAPTER 3: INVETSIGATION OF THE OPTICAL PERFORMANCE OF ANTI-REFLECTION 

RANDOM NANO STRUCTURES ON DIFFRACTIVE ELEMENTS ....................................................... 48 

3.1 Introduction ......................................................................................................................................... 48 

3.2 Fabrication of rARSS on Fused Silica Diffractive Optical Elements .................................................. 51 

3.3 Performance of Diffractive Optical Elements with rARSS ................................................................. 56 

3.3.1 Introduction .................................................................................................................................. 56 

3.3.2 Experimental setup ....................................................................................................................... 60 

3.3.3 Transmission and Reflection Measurements ................................................................................ 62 

3.4 rARSS Enhanced Diffractive Fresnel Lens ......................................................................................... 67 

3.4.1 Introduction .................................................................................................................................. 67 

3.4.2 Experimental setup ....................................................................................................................... 69 

3.4.2 Transmission, Reflection and Beam Profile measurements ......................................................... 71 

3.5 rARSS Granulometry .......................................................................................................................... 73 

3.6 Optical Scatter characterization of rARSS .......................................................................................... 75 

3.6.1 Optical Flats ................................................................................................................................. 75 

3.6.2 Near wavelength gratings ............................................................................................................. 78 

3.7 Conclusions ......................................................................................................................................... 81 

CHAPTER 4: CONCLUSIONS .................................................................................................................... 85 

4.1 Numerical study of feature-distribution effects for anti-reflection structured surfaces on binary 

gratings ...................................................................................................................................................... 85 

4.2 Investigation of the optical performance of anti-reflection random nanostructures on diffractive 

optical elements ......................................................................................................................................... 86 

4.3 Potential future work ........................................................................................................................... 89 

REFERENCES .............................................................................................................................................. 90 



x 

 

APPENDIX A: Publications & Conference proceedings .............................................................................. 94 

APPENDIX B: List of Optical Components ................................................................................................. 95 

 

LIST OF TABELS 

Table 1. Integrated transmission scatter intensity for the original diffusers (Blank) and the rARSS post-

fabrication diffusers in design (DDS) and near design specular (NDDS) AOC. ........................................... 63 

Table 2. Integrated transmission and reflection scatter intensity for the original diffusers (Blank) and 

the rARSS post-fabrication diffusers in wide-angle deterministic scatter (WADS) AOC. ........................... 65 

Table 3. Measured focal point distances of the diffractive Fresnel lens pre- and post-fabrication of 

rARSS at multiple incident wavelengths (543nm, 594nm, 604nm. 612nm, 633nm) and normal angle of 

incidence… ................................................................................................................................................... 70 

Table 4. Transmission and reflection intensity measurement for the original (Blank) and the rARSS 

post-fabrication Fresnel lens at normal angle of incidence. .......................................................................... 71 

 

 

 

 

 

 

 

 

 

 



xi 

 

 

 

LIST OF FIGURES 

Figure 1 : Optical index variation from superstrate to substrate of three different antireflective surfaces.          

(a) Single layer AR coating, (b) Sub-wavelength AR gratings and (c) Random sub-wavelength 

structures… ..................................................................................................................................................... 2 

Figure 2 : Simulated transmission of AR thin film coatings. (a) Transmission enhancement of Anti-

reflective thin film coatings comparing Perfect anti-reflective coating (PAR), Single layer anti-

reflective coating (SLAR), Quarter-Quarter anti-reflective coating (QQAR) and Broad band anti-

reflective coating (BBAR) at normal angle of incidence (AOI = 0º) for 633nm, (b) Normalized 

transmission as a function of angle of incidence for fused silica (FS) blank in comparison to PAR for S 

and P polarizations. ......................................................................................................................................... 3 

Figure 3 : Simulated 0th order transmission of 500nm period linear SWG on Fused silica. (a) 0th order 

transmission as a function of wavelength at normal angle of incidence (AOI = 0º) for a wavelength 

range of 0.3µm to 1.0µm, (b) 0th order transmission as a function of angle of incidence at 633nm for S 

and P polarizations. ......................................................................................................................................... 4 

Figure 4 : Measured transmission of double-sided rARSS treatment on fused silica window. (a) 

Transmission as a function of wavelength at normal angle of incidence (AOI = 0º) for a wavelength 

range of 0.4µm to 1.0µm, (b) Transmission as a function of AOI for both incident light polarization 

states at an incident wavelength of 633 nm. .................................................................................................... 5 

Figure 5 : Schematic depicting common fabrication steps for periodic surface structures onto a 

substrate. It should be noted the step 3 can be interference, conventional or, direct-write lithography. ......... 6 

file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794150
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794150
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794150
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794151
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794151
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794151
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794151
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794151
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794151
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794152
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794152
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794152
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794152
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794153
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794153
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794153
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794153
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794154
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794154


xii 

 

Figure 6 : Schematic of rARSS fabrication process used in this dissertation using reactive ion etching 

(RIE)……. ....................................................................................................................................................... 9 

Figure 7 : (a) Unprocessed and (b) rARSS-processed. (Top-left) 5mm diameter lenses, (Top-right) 

300µm diameter micro lenses and (Bottom) 1.595µm period gratings. ........................................................ 11 

Figure 8 : Various diffractive optical elements: (a) 2-Dimentional Spot array generator and (b) 1-

Dimentional Spot array generator and (c) Controlled angle diffuser. ........................................................... 11 

Figure 9 : Graphical depiction of AR-thin film deposition techniques: (a) Conformal AR coating and 

(b) Non-conformal AR coating. .................................................................................................................... 12 

Figure 10 : Graphical depiction of cross sections from three types of surface structures used as AR 

treatments on a diffractive device. In all cases, a linear phase grating with spatial period 𝜦𝒙 and π-phase 

depth h is used as the baseline optical surface, the indices are 𝒏𝒊 for ambient and 𝒏𝒔 for the substrate. 

(a) Surface crossection with an SLAR of index 𝒏 and thickness 𝒅 anisotropically applied to the grating 

surfaces. (b) A sub-scale periodic grating 𝒑𝒙 with fill-factor 𝒇, multiplexed ten-times across each period 

𝜦𝒙, acting as an AR-structure. (c) The AR-structure replaced by a distributed-feature periodic grating, 

with the same multiplex factor and fill-factor as (b). .................................................................................... 20 

Figure 11 : Graphical depiction of (a) GRIN-EMT approximation of antireflective structured surface 

(ARSS) and (b) Scatter from optically transparent substrate with rough surface. ......................................... 21 

Figure 12 : RCWA-simulations of propagating diffraction order efficiencies for a fused silica baseline 

grating (𝛬𝑥 = 8.00µ𝑚, and ℎ = 𝜆˳/2(𝑛 − 1)). ........................................................................................... 22 

Figure 13 : RCWA-simulations of propagating diffraction-order efficiency for the silica baseline 

grating (𝛬𝑥 = 8.00µ𝑚, and ℎ = 𝜆˳/2(𝑛 − 1).) with AR-structures multiplexed 14-times across the 

base period (𝑝𝑥 = 571nm), with TE polarization at normal incidence and 𝜆0 = 633nm. The 

efficiencies for the grating without the ARSS are shown as blue bars, compared to the efficiencies of 

file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794155
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794155
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794156
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794156
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794157
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794157
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794158
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794158
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794159
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794159
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794159
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794159
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794159
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794159
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794159
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794160
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794160
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794161
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794161
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794162
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794162
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794162
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794162


xiii 

 

the grating with ARSS in orange: (a) SWG in air, matched to 0th-order EMT conditions and, (b) a 21-

order Dammann grating. In both cases the EMT fill-factor is: 𝑓 = 0.406. .................................................. 23 

Figure 14 : Graphical depiction of a stratified medium consisting of two distinct materials. The substrate 

medium has a permittivity 𝜺𝒔 and the incident medium of permittivity 𝜺𝒊, the filling factor of the 

stratified medium is given as 𝑓 = 𝑎/𝑝𝑥 and 𝐾 is the grating vector. ........................................................... 25 

Figure 15 : Calculated fill fraction as a function of SWG period using 2nd order EMT for fused silica 

substrate at incident wavelength of 633nm for TE and TM polarization. where the dashed line indicates 

the fill fractions for grating period of 400nm. ............................................................................................... 27 

Figure 16 : Cross-Sectional view of 1-dimensional, normalized 𝑵-order Dammann binary-phase grating 

profiles, within their periodic unit cell 𝒑𝒙, along with their simulated angular intensity distribution for 

fused silica substrate at half wave depth (a) and quarter wave depth (b). (Left column): Odd-order 

Dammann gratings with volume fractions comparable to 𝒇(𝑻𝑬) requirements. (Right column): Even-

order Dammann gratings with volume fractions comparable 𝒇(𝑻𝑴)to requirements. The last entry is a 

reversed-tone grating to match the TM conditions. ....................................................................................... 29 

Figure 17 :  Fill Fraction variation with respect to Dammann grating rank, shown here as the number 

adjacent to the markers. The solid and dashed lines represent the calculated EMT 0th and EMT 2nd order 

fill-fraction. Dammann gratings used in the computations are represented with the black-circular 

markers and the rest as open-circular markers. ............................................................................................. 31 

Figure 18 : Normalized autocorrelation of 21-Dammann grating rank unit cell., The dashed line 

indicates the first minimum along the transverse dimensional axis, used as a reference to measure the 

profile correlation length. The computation used is serial multiplication, not an equivalent linear 

transform method. ......................................................................................................................................... 32 

Figure 19 : Normalized autocorrelation length with respect to Dammann grating rank. The measured 

Dammann gratings are represented with the black circular markers and the rest as black annular 

markers….. .................................................................................................................................................... 33 

file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794162
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794162
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794163
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794163
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794163
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794164
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794164
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794164
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794165
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794165
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794165
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794165
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794165
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794165
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794166
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794166
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794166
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794166
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794167
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794167
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794167
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794167
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794168
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794168
file:///J:/UNCC%20Lab%20Computer/Desktop/Dissertation%20Defense/Thesis/Dissertation_Submission/Dissertation_Final_Submission/Dissertation_Submission_Final_GP.docx%23_Toc132794168


xiv 

 

Figure 20 : Net transmission enhancement of fused silica 1-D binary phase, 50% duty cycle grating, 

with 1-D Dammann gratings acting as ARS surfaces, as a function of the Dammann multiplex frequency 

k. (a) TE-polarization and (b) TM-polarization for various volume fractions of Dammann gratings, in 

comparison to binary gratings with EMT-0th and EMT-2nd order approximation. The IEDO are labelled 

as DXX, based on their equal-order population. The post-script F indicates that the phase was reversed 

in order to satisfy the corresponding EMT fill-factor upper limit for TM. Negative values indicate 

transmission losses due to reflection and the maximum enhancement because of single surface AR 

(SSAR) is indicated by a dashed line. ........................................................................................................... 36 

Figure 21 : Odd DO transmission enhancement (directed power) of fused silica 1-D binary phase, 50% 

duty cycle grating, with 1-D Dammann gratings acting as ARS surfaces, as a function of the Dammann 

multiplex ratio frequency k. (a) TE-polarization and (b) TM-polarization for various volume fractions 

of Dammann gratings, in comparison to binary gratings with EMT-0th and EMT-2nd order 

approximation. The IEDO are labelled as DXX, based on their equal-order population. The post-script 

F indicates that the phase was reversed in order to satisfy the corresponding EMT fill-factor upper limit 

for TM. Negative values indicate transmission losses due to reflection or scatter and the maximum 

enhancement because of single surface AR (SSAR) is indicated by a dashed line. ...................................... 38 

Figure 22 : Transmission enhancement (τ) of all Diffraction orders for incident polarization of TE of a 

fused silica 1-D binary 50% duty cycle grating, as a function of multiplex ratio k with 1-D ARS surface 

gratings for the selected gratings. The baseline grating without ARSS is represented by k = 0 and τ = 0. 

The arrow marked in orange on the TE B-0 and D-21 indicate τ for the data shown in Figure 13. .............. 40 

Figure 23 : Transmission enhancement (τ) of all Diffraction orders for incident polarization of TM of a 

fused silica 1-D binary 50% duty cycle grating, as a function of multiplex ratio k with 1-D ARS surface 

gratings for the selected gratings. The baseline grating without ARSS is represented by k = 0 and τ = 

0………… ..................................................................................................................................................... 41 

Figure 24 : Simulated intensity distribution in the plane of incidence, near the baseline-grating surface 

for: (a) TE from B-2; (b) TE from D-21; (c) TM from B-2 and (d) TM from D-21. In all cases k = 20. 
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For comparison, the top-down phase profile of the AR-gratings is shown next to the enumeration. The 

baseline-grating profile begins at z = 0.5 µm, and extends into the substrate for higher values of z. The 

color bar is in normalized arbitrary units....................................................................................................... 43 

Figure 25 : Top-down UV-confocal microscope images (on the left), and their respective far-filed 

illumination projection (to the right), of the three multi-phase diffractive optical elements. (a) Narrow-

angle 2D spot array diffuser, (b) Wide-angle 1D spot array diffuser and, (c) Controlled-angle diffuser. ..... 52 

Figure 26 : Measured spectral transmission of a fused silica window before and after fabrication process 

of rARSS at normal angle of incidence for 0.3µm to 1.1µm. ........................................................................ 54 

Figure 27 : Top-down scanning electron micrographs (on the left) and UV-confocal microscope 

stereoscopic images (on the right) of the three multi-phase diffractive optical elements where rARSS 

have been added. The transverse boundaries are phase transitions between different phase levels which 

are populated by nanostructures. (a) Narrow-angle 2D spot array diffuser, (b) Wide-angle 1D spot array 

diffuser and, (c) Controlled-angle diffuser. ................................................................................................... 55 

Figure 28 : Top-down scanning UV-confocal microscope image (on the top) and Scanning electron 

micrographs (on the bottom) of the diffractive Fresnel lens, with added rARSS. (a) Stitched microscope 

image of unprocessed Fresnel lens from center to edge, (b) Center of Fresnel lens with rARSS and (c) 

Edge of Fresnel lens with rARSS. ................................................................................................................. 56 

Figure 29 : CASI scatterometer layout. Light from the laser source is directed towards the sample, 

which is located at the center of the rotating arm apparatus, with the detector scanning over the 

equatorial plane of the unit sphere. HWP is a half-wave plate, LP is the linear polarizer incidence 

selector, DDS is the deterministic design spot angular range, NDDS is near design deterministic scatter 

angular region and WADS is wide-angle deterministic scatter angular region. ............................................ 60 

Figure 30 : CASI scatter measurement (BSDF) of the narrow-angle diffuser (2D spot array illumination 

pattern) for a limited angle (±5º) along the equatorial axis of transmission of the DOE. (Blue) S-

polarized and (Red) P-polarized states. ......................................................................................................... 61 
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Figure 31 : CASI scatter measurement (BSDF) of the narrow-angle diffuser (2D spot array illumination 

pattern on the right). (a) Full-polar plot of tested DOE. The DOE to be tested is located at the center of 

circle. The incident light direction is shown with a dark arrow. (b) Limited angle (±5º) along the 

equatorial axis of transmission of the DOE, (c) Measured transmission excluding the ±5º values. (d) 

Measured reflection excluding the ±5º values. The ±5º FOV (DDS+NDDS region), indicated as a 

shaded band region here, has been removed from the plots (c) and (d) for clarity. ....................................... 63 

Figure 32 : CASI scatter measurement (BSDF) of the wide-angle diffuser (1D spot array illumination 

pattern on the right). (a) Full-polar plot of tested DOE. The DOE to be tested is located at the center of 

circle. The incident light direction is shown with a dark arrow. (b) limited angle (±5º) along the 

equatorial axis of transmission of the DOE, (c) Measured transmission excluding the ±5º values. (d) 

Measured reflection excluding the ±5º values. The ±5º FOV (DDS+NDDS region), indicated as a 

shaded band region, has been removed from the plots (c) and (d) for clarity. .............................................. 64 

Figure 33 : CASI scatter measurement (BSDF) of controlled-angle diffuser (illumination pattern on the 

right). (a) Full-polar plot of tested DOE. The DOE to be tested is located at the center of circle. The 

incident light direction is shown with a dark arrow. (b) limited angle (±5º) along the equatorial axis of 

transmission of the DOE, (c) Measured transmission excluding the ±5º values. (d) Measured reflection 

excluding the ±5º values. The ±5º FOV (DDS+NDDS region), indicated as a shaded band region, has 

been removed from the plots (c) and (d) for clarity. ...................................................................................... 66 

Figure 34 : Graphical depiction of transmitted light distribution through a diffractive Fresnel lens. S is 

the source, 𝑓1 is the primary focal point and 𝑓2 and 𝑓3 are the secondary and tertiary focal points. .......... 68 

Figure 35 : Layout of the optical setup used to measure efficiency of the diffractive Fresnel lens at 

various incident wavelengths. Polarization of the incident light is controlled by a pair of Half-wave 

plate (HWP) and linear polarizer (LP), and a beam splitter (BS) was used for reflection 
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Figure 36 : Measured cross-sectional beam profile of the diffractive Fresnel lens, for five wavelengths 

at their respective focal points. Solid lines indicate unprocessed and circle markers indicate rARSS 
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CHAPTER 1: INTRODUCTION 

1.1 Methods of Anti-reflection 

Light incident on smooth transparent surfaces experiences Fresnel reflections due 

to the discontinuity of the optical refractive index values at the interface. In various 

applications such as flat displays, photovoltaic devices, mobile screens and high-

performance optical elements Fresnel reflections are undesired, and suppression of these 

reflections is required to increase the performance of the optical systems [1,2]. Thin film 

anti-reflection coatings (TFAR) are the most prominent technique used to suppress Fresnel 

reflections.  

The simplest TFAR design is a Single-layer antireflection coating (SLAR) designed 

using materials of optical index preferably equal to the geometrical mean between the 

superstrate and substrate values (√𝑛𝑠𝑛𝑖), with a 𝑚𝜆/4 thickness (where 𝑚 is an odd 

integer, and 𝜆 is the incident light wavelength). Reflected optical waves from the top and 

bottom surfaces of the thin film are phase matched to a difference of 𝜋, resulting in 

destructive interference between them as shown in Figure 1(a) [3,4]. Due to the fixed 

optical path length of SLAR films, satisfying the destructive interference conditions, these 

coatings are wave-band limited. Multilayer antireflective coatings (MLAR) are an 

alternative solution opted when the appropriate refractive index are not available and due 

to design flexibility can be engineered to have a better performance with respect to wider 

bandwidths and efficiencies when compared to SLAR as shown in Figure 2 (a). Changes 

in the optical path length of SLAR due to varying angle of incidence (AOI) effects the 

interference condition between the surfaces of the thin films and boundary conditions 
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making them inefficient at higher incidence angles (Equation 1) and sensitive to incident 

polarization as shown in Figure 2(b) [5]. 

 
 

Figure 1 : Optical index variation from superstrate to substrate of three different antireflective surfaces.          

(a) Single layer AR coating, (b) Sub-wavelength AR gratings and (c) Random sub-wavelength structures. 

Superstrate

Substrate

I R1 R2

Single layer AR 

coating

Thin film

nsuperstrate

nThin film AR

nSubstrate

(a)

Λ (Period)

nsuperstrate

nSWG

nSubstrate

Superstrate

I R

Substrate

Subwavelength AR 

Gratings
(b)

Random Subwavelength 

AR structures

I R

nsuperstrate

nrARSS

nSubstrate



3 

 

 
𝑇 =  1 −

(1 − 𝑟2)2

(1 − 𝑟2)2 + 4𝑟2𝑠𝑖𝑛(𝑘𝑑)2
 

(1) 

 In the above equation, 𝑟 is the Fresnel reflection coefficient, 𝑘 is the wavevector with in 

the thin film and 𝑑 = 𝑑0𝑐𝑜𝑠𝜃 is the thickness as a function of AOI. 

 An alternative to TFAR coatings is inhomogeneous film layers with gradient index 

profile (GRIN), which transition the optical index value gradually and monotonically from 

superstrate to that of substrate resulting in the suppression of the Fresnel reflections [6]. 

Although MLAR and GRIN coatings are desired for their superior performance, their 

fabrication and application on the optical surfaces can be complicated due to large number 

of layer deposition steps. 

   Periodic sub-wavelength gratings (SWG) are another solution to suppression of 

Fresnel reflections, fabricated on the substrate surface as shown in Figure 1(b). For incident 

 

Figure 2 : Simulated transmission of AR thin film coatings. (a) Transmission enhancement of Anti-reflective 

thin film coatings comparing Perfect anti-reflective coating (PAR), Single layer anti-reflective coating 

(SLAR), Quarter-Quarter anti-reflective coating (QQAR) and Broad band anti-reflective coating (BBAR) 

at normal angle of incidence (AOI = 0º) for 633nm, (b) Normalized transmission as a function of angle of 

incidence for fused silica (FS) blank in comparison to PAR for S and P polarizations. 
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wavelengths longer than the spatial periods of the grating (𝛬), only 0th diffracted order is 

non-evanescent in both transmission and reflection with all higher orders becoming 

evanescent, as evident by the grating equation (Equation 2) [7-9]. Optimizing the height of 

the grating to 𝜆/4𝑛, would result in a phase difference of 𝜋 between the reflected orders 

leading to suppression of reflection, and specular transmission enhancement, a result 

similar to anti-reflective (AR) coatings. For incident wavelengths smaller than the gratings 

spatial period as shown in Figure 3(a), where the spatial period of the linear grating is fixed 

at 500nm the higher diffracted orders propagate, and the AR functionality of SWG does 

not manifest. SWG with dissimilar periods in the orthogonal transverse spatial axis leads 

to form birefringence, making the device dependent on the incident polarization state and 

AOI, although they have higher AOI acceptance compared to the AR thin film coatings as 

shown in Figure 3(b). 

 

 
 

Figure 3 : Simulated 0th order transmission of 500nm period linear SWG on Fused silica. (a) 0th order 

transmission as a function of wavelength at normal angle of incidence (AOI = 0º) for a wavelength range of 

0.3µm to 1.0µm, (b) 0th order transmission as a function of angle of incidence at 633nm for S and P 

polarizations. 
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 𝑠𝑖𝑛𝜃𝑚 −  𝑠𝑖𝑛𝜃𝑖 = 𝑚(𝜆/𝛬).  (2) 

In the grating equation, 𝜃𝑖 is the angle of incidence, 𝜃𝑚 is the angle of 𝑚𝑡ℎ propagating 

order, 𝜆 is the incident wavelength and 𝛬 is the period of the grating. 

Random antireflective structured surfaces (rARSS) which are the focus of this 

dissertation are a different solution with densely packed non-periodic, sub-wavelength 

features fabricated on the substrate’s surface, as shown in Figure 1(c). r  SS are usually 

modelled as an effective medium, using a multi-layered optical index stratified model, 

thereby simulating the reduction of reflection loses and increasing transmission through 

the substrate [10]. The depth and random distribution of these surface structures would 

define the range of broadband anti-reflection properties as shown in the Figure 4(a) with a 

maximum at 715nm. Reports have shown that the range of wavelengths of enhancement 

can be shifted to longer wavelengths by increasing their depth [11]. The transmission 

intensity of rARSS on fused silica substrate as a function of AOI at 633nm shows high 

 
 

Figure 4 : Measured transmission of double-sided rARSS treatment on fused silica window. (a) Transmission 

as a function of wavelength at normal angle of incidence (AOI = 0º) for a wavelength range of 0.4µm to 

1.0µm, (b) Transmission as a function of AOI for both incident light polarization states at an incident 

wavelength of 633 nm. 
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transmission to about Brewster’s angle (55º) independent of incident polarization as shown 

in the Figure 4(b) [12, 13]. This polarization insensitivity observed at high AOI is unique 

to the rARSS due to their random distribution, where as SLAR and SWG shown a 

difference in their performance for S and P polarizations at about 30º AOI.  

1.2 Fabrication techniques of anti-reflective subwavelength structures   

Random antireflective structured surfaces (rARSS) are fabricated differently than the 

periodic SWG. Periodic SWG are fabricated through application of lithography techniques, 

where the substrate is initially coated with a photosensitive polymer (photoresist) and an 

image of periodic geometry is exposed on to the masking layer using contact or non-contact 

lithography methods. The exposed photoresist is stripped using a developer to create a 

photoresist mask (positive process). The resist lithograph is then further etched to transfer 

the pattern into the surfaces of the substrate, followed by a resist stripping step where 

 
 

Figure 5 : Schematic depicting common fabrication steps for periodic surface structures onto a substrate. It 

should be noted the step 3 can be interference, conventional or, direct-write lithography. 

1. Clean substrate 2. Spin coat photoresist 3. Lithography

4. Re-flow (optional) 5. Etch 6. Strip resist mask
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remaining resist is stripped off, leaving behind a periodic SWG as shown in Figure 5 [14, 

15]. 

In literature various methods for fabricating rARSS are reported, which can be grouped 

into two major categories: top down and bottom up fabrication methods [3]. The bottom-

up fabrication methods involve growing cross-sectional nanoscale pillars or porous layers 

directly on to the substrate’s surface, which is achieved using different techniques such as 

solution processing and physical or chemical vapor deposition (CVD) [16-18]. Top-down 

methods unlike bottom up methods use dry etching or wet etching to fabricate the structures 

into the substrate. 

This dissertation focuses on the Top down fabrication of rARSS using dry etching.  Dry 

etching or plasma etching is a commonly used method, in conjunction with a masking step, 

to fabricate periodic or random structures on optical substrate surface. Reactive Ion Etching 

(RIE) is a type of plasma etching that requires a chamber with two electrodes, powered by 

a radio-frequency (RF) power supply. The substrate which is going to be etched is placed 

on the bottom electrode (Cathode) of the chamber, which is evacuated to 10-6 Torr, 

followed by the introduction of small amounts of reactive gases, to achieve a desired 

pressure inside the chamber, usually in the order of tens of millitorr. The mixture of gases 

are chosen based on their affinity towards the specific substrate. For substrates such as 

silicon, typically Fluorine or Chlorine-based gases are used, such as: Sulfur Hexafluoride 

(SF6), Octafluorocyclobutane (C4F8), Trifluoromethane (CHF3), or Boron Trichloride 

(BCl3), with a mixture of oxygen (O2) in most cases. When the RF power supply is turned 

on, the plasma is ignited ripping electrons off the gas molecules, causing multiple collisions 

between the molecules and the electrons, leading to separation of neutral reactive radicals, 
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positive ions and electrons. All these chemical species due to the voltage difference 

between the electrodes are directed perpendicularly towards the surface of the substrate to 

interact [19, 20]. Above the surface of the samples the elements in the gas molecules that 

do not interact will remain in the plasma and eventually will be removed from the chamber 

by the outgoing gas flow. The neutral radicals diffuse through the plasma and eventually 

reach the surface of the sample. This can result in two possible interactions: a) the neutral 

radicals impede the etching process or, b) spontaneously react with the material and desorb 

into a volatile product, that is eventually removed from the chamber though the outgoing 

gas flow. 

The RIE process is highly anisotropic in comparison to wet etching, due to the directed 

flow of positive ions in the plasma to the surface of the substrate, caused by the voltage 

difference between them. The flowing positive ions bombard the surface and can result in 

sputtering the surface of the substrate through the transfer of momentum, or provide the 

energy needed to allow the neutral radicals to react with the surface of the substrate. The 

promotions of the reactions between the radicals and the substrate is called ion-etching. 

This process in general is faster than spontaneous reactions and does not result in 

redisposition on the surface. There are multiple variables that can be used to achieve 

desired etch results, such as chamber pressure, bias power, gas composition, flow rates, 

temperature of the substrate and etch time [21, 22].  

Fabrication of rARSS using top-down methods can be divided into three major 

categories. The first method requires an initial metallization masking step, in which a thin 

discontinuous layer of metal (such as gold) is deposited on to the substrate, followed by 

plasma etch to fabricate randomly distributed nanostructures on to the substrate as shown 
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in Figure 6. Another variant to this technique is to deposit a dialectic layer and overcoat 

with a metal layer. This metal layer is then thermally annealed and followed by plasma 

etch [23]. A second method utilizes active masking, where a two-cycle plasma etch is used. 

The 2-cycle plasma etch incorporates an etching step and a passivation step, where a 

polymer layer is allowed to grow on top of the substrate surface effectively creating its own 

mask [24]. The third method involves etching a bare substrate with reactive ion etching 

(RIE), with or without inductively coupled plasma (ICP) etching process. Fabrication of 

rARSS has been reported on borosilicate glass, fused silica, plastic and silicon for visible 

wavelengths and Zinc Sulphide (ZnS or Zerodur), Germanium (Ge) and Gallium Arsenide 

(GaAs) for near and far infrared wavelengths [11, 25-26]. In this dissertation fabrication of 

the rARSS has been restricted to the first method due to the choice of substrates, the 

application wavelength band, and its simplicity.  

1.3 Characterization of anti-reflective structured surfaces on optical phase elements  

As many experimental techniques have been reported in the literature to quantify the 

anti-reflective properties of subwavelength structured surfaces periodic or random, of 

which transmission measurements over a range of wavelengths for varying AOI and 

 
 

Figure 6 : Schematic of rARSS fabrication process used in this dissertation using reactive ion etching (RIE). 

1. Masking 2. Etch

1. Striping metal mask
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polarizations states are the most common. These measurements are important because they 

can validate the anti-reflective properties of the subwavelength structured surfaces, as an 

increase in the specular transmission power throughput, which in turn implies a reduction 

in the reflection. Reflection measurements alone on the other hand are not conclusive, as 

reduction in reflection can be a result of increase in specular transmission or increase in 

scattered light, which could be detrimental for most applications [27]. For applications of 

rARSS on optical components with curved surfaces, such as lenses, or segmented phase 

profiles, such as gratings, rather than optical flat windows, it is important to study the 

effects of rARSS on the optical functional performance of the components as well. For 

lenses these are focusing parameters, aberrations, and diffraction-limited spot sizes, and 

for gratings are diffracted-order efficiency distributions and angular separation. 

Previous work done by the members of our lab have shown rARSS are not limited to 

planar substrates, and can also applied to continuous and segmented phase profiles of 

optical elements as shown in the Figure 7. Through transmission measurements in the axial 

direction, broadband transmission enhancement properties, transmission enhancement for 

variable AOI, and polarization insensitivity at higher AOI for optical windows, were 

demonstrated [12, 13]. In Dr. C. Taylor’s dissertation, fabrication of r  SS on 1-inch 

diameter lenses and detailed analysis on the effects of rARSS on curved surfaces was 

presented [28-30]. The work done by Dr. A. Peltier-Eckert was an extension of previous 

work on lenses, concentrated on fabrication of rARSS on microlens arrays (MLA), with a 

thorough study on the effects of rARSS on MLA beam profiles [31]. Dr. K. Kunala’s work 

on the other hand was focused on segmented phase profiles, such as near-wavelength 

gratings, completely characterizing the variations in transmission and reflection 
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performance for varying AOI, at multiple wavelengths, due to the presence of rARSS 

[32,33]. 

Computer generated diffractive optical elements (DOE) like spot array generators, 

beam shapers and controlled angle illuminators as shown in Figure 8 have various 

applications like multi-focal microscopy, multiple coherent splitting or recombination, and 

 
 

Figure 7 : (a) Unprocessed and (b) rARSS-processed. (Top-left) 5mm diameter lenses, (Top-right) 300µm 

diameter micro lenses and (Bottom) 1.595µm period gratings. 

(a) (b) (a) (b)

(a) (b)

 
 

Figure 8 : Various diffractive optical elements: (a) 2-Dimentional Spot array generator and (b) 1-Dimentional 

Spot array generator and (c) Controlled angle diffuser.   
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camera calibration for imaging and sensing [34, 35]. The use of DOE is becoming more 

and more common in various optical systems and they also suffer from performance 

degradation because of the optical feedback from front and back surfaces due to Fresnel 

reflections. 

 Suppression of reflections from DOE surfaces can be achieved by implementing thin 

film coatings by a variety of deposition techniques, such as: ion-beam sputtering (IBS), 

atomic layer deposition (ALD) [36-38], layer by layer assembly [39], plasma-enhanced 

chemical vapor deposition (PECVD) or physical vapor deposition (PVD) [40, 41]. The 

coatings vary from conformal to non-conformal depending on implemented techniques 

such as atomic layer deposition or physical vapor deposition, shown in Figure 9. Compared 

to simple phase optics, coating DOE with complex multi-phase level topographies is 

challenging and to function as intended, the coatings must be included in their original 

design specifications, further increasing the complexity of designs and fabrication steps. 

 
 

Figure 9 : Graphical depiction of AR-thin film deposition techniques: (a) Conformal AR coating and (b) 

Non-conformal AR coating.   

(a)

(b)



13 

 

To-date no studies were found in the literature describing the application of periodic or 

random structured surfaces as an AR treatment on complex multiple-phase level DOE. Few 

reports are available in literature on the application of periodic subwavelength 

nanostructures (tapered or regular cones) on the microscale diffractive grating surfaces 

[42]. While they were able to successfully demonstrate the suppression in reflection and 

enhancement of transmission with periodic subwavelength nanostructures, the fabrication 

process of these periodic AR structures integrated on a simple DOE such as diffractive 

gratings involve multiple steps and much harder to realize such AR structures on a multi-

phase level DOE’s with complex topographies.  andom nanostructured surfaces on 

prefabricated binary gratings, have successfully demonstrated reduction in Fresnel 

reflectivity without perturbing their performance and can be a potential solution as 

effective AR treatment for complicated phase-profile DOE. 

In order to establish rARSS as an effective method to suppress reflections, the 

performance of the DOE should remain unaltered after the addition of rARSS. Unlike 

simple optical elements (lenses), the performance of DOE cannot be characterized by total 

transmitted power efficiency using a single photodiode sensor or beam profiler 

measurements. In this dissertation a scatterometer was used, with a large dynamic detection 

range at a wavelength of 633nm, to measure the Angle Resolved Scatter (ARS) in 

transmission and reflection. This was done to completely quantify any variations in the far-

field diffraction intensity distributions of the DOE, and the presence of non-deterministic 

scatter due to the fabrication of rARSS on the prefabricated DOE surface profile. To 

quantify the dimensions of the structures on the surface, a UV confocal microscope and 

profilometry was used, to measure the bearing curve and nano-structure heights, using 
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parameters such as rms roughness (Rz), to analyze variations in the gradient optical index 

with varying surface topography and compared the results with similar measurements on 

flat substrates. 

Finally, it is important to study surface feature distributions of the rARSS in the 

transverse plane, and relate their effects on surface transmission properties. The random 

subwavelength structures have extremely small geometric cross-sectional dimensions 

(diameters from 50 to 100 nm), well below the resolution limits of profilometric and 

microscope measurements. To analyze the transverse feature distributions, high resolution 

scanning electron microscope (SEM) images of the processed surfaces were taken and 

analyzed using granulometry. Granulometry is a technique, which uses numerical image 

processing such as erosion and dilation, opening and top-hat transforms, to identify 

transverse-feature boundaries in top-down SEM images [43]. Predefined scaled structure 

features, along with image filtering techniques such as salt and pepper filtering, ASF 

(Alternative Sequential Filtering) remove instrument noise from SEM images. Using this 

technique top-down SEM images can be scanned to group physical nanostructures 

crossections into similar size groupings and yielding statistics of surface transverse feature 

dimensions. 

1.4 Dissertation Overview 

This dissertation broadly focuses on the application of random antireflective structured 

surfaces (rARSS) on functional diffractive optical elements and their optical performance 

characterization. Chapter 2 presents a numerical study on the transverse feature 

distributions effects on their performance of anti-reflective structured surfaces on a 
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functional diffractive element such as binary gratings. This chapter is divided into two 

sections, starting with the design of the 1-dimensional anti-reflective periodic 

subwavelength structured surfaces using Effective Medium Theory (EMT) for both TE and 

TM polarizations and a collection of transverse feature distributions of comparable 

parameters to the theoretical prediction were chosen with varying complexity for the study. 

To investigate the effects of the surface feature distributions on their AR performance 

independent of other variables the depth of the structures is restricted to a quarter of the 

incident wavelength. In the second section of this chapter, to analyze and quantify the 

effects of these structures on a functional diffractive gratings rigorous coupled wave 

analysis (RCWA) are computed, followed by 2D propagation simulations to understand 

the energy distributions within the AR structured surfaces.  

Chapter 3 expands on the work done previously reported by our group on application 

of rARSS on optical elements like lenses and gratings to multiphase level deterministic 

diffractive optical elements (DOE), such as light diffusers. This chapter focuses on 

characterizing the optical performance of four commercially available fused silica DOE, 

with rARSS fabricated on them using a process initially optimized for optical windows. 

The fabricated rARSS on the DOE were characterized using their scanning electron 

micrographs to study the differences and the effects of the etching process on the surface 

topography of the DOE pre and post fabrication. 

Optical performance of the DOE generated using algorithms unlike simple optical 

elements such as lenses and gratings are difficult to characterize due to their complex 

illumination distributions. To study the differences in their optical performance pre and 

post fabrication of rARSS on both the surfaces, the DOE were tested using a scatterometer, 
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where the intensity distributions were measured for the normal angle of incidence along 

the equatorial planes at 633nm incident wavelength in transmission and reflection. 

Diffractive lenses unlike the rest of the DOE can also function at wavelengths other than 

the wavelength they are designed for, and to observe the differences in their performances 

the diffractive lens was tested before and after fabrication of rARSS using a multi-

wavelength He-Ne laser. The surfaces are then characterized using granulometry, to 

observe the differences in rARSS distributions because of varying surface topographies of 

DOE. 

While the rARSS act as AR structures, the nano-scaled transverse cross-sections of 

these structures may result in increase of uniform non-deterministic scatter, which can be 

determinantal to the performance of optical elements with rARSS overwhelming any AR 

benefits due to suppression of Fresnel reflections. To investigate the presence of non-

deterministic scatter and its effects, Bi-directional distributions function (BSDF) of optical 

windows and near wavelength binary gratings were measured and analyzed pre and post 

fabrication at various angles of incidence.   

   Chapter 4 of this dissertation contains the final conclusions drawn from the work 

presented in Chapters 2 and 3. It also discusses potential future work that could be explored 

to expand on the work presented.   
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 CHAPTER 2: NUMERICAL STUDY OF FEATURE-DISTRIBUTION 

EFFECTS FOR ANTI-REFLECTION STRUCTURED SURFACES ON 

BINARY GRATINGS 

2.1 Introduction 

In this chapter, the effects of feature distributions on the anti-reflection properties 

of nanoscale structured surfaces, added anisotropically on the profile of a diffractive 

grating is studied using numerical simulations. In section 2.2, the numerical experiment 

and the motivation to study the effects of transverse feature distributions using pseudo-

random transverse distributions of anti-reflective structured surfaces (ARSS) are discussed. 

In section 2.3, 1-D period subwavelength gratings were modelled using Effective Medium 

Theory (EMT) as the starting point. Since random anti-reflective structured surfaces 

(rARSS) cannot be exactly numerically modeled. Periodic deterministic profiles with 

pseudo-random feature distributions within the unit cell, such as Dammann gratings, are 

used as a transition from regular (periodic) phase distributions to quasi-random ones. To 

methodically control the numerical experiment, Dammann gratings with increasing unit 

cell complexity, and fill fractions comparable to EMT predicted values, were chosen for 

both incident light polarization states.  

In section 2.4, antireflection performance of selected deterministic distribution 

designs for ARSS surfaces, superimposed on a baseline binary grating, are presented for 

633nm incident wavelength at normal angle of incidence. The deterministic ARSS designs 

are “surrogate” trial phase-profiles, with increasing feature distribution complexity, to 

bridge across simple designs to randomized distribution designs. The numerical results are 

computed using rigorous coupled wave analysis (RCWA). The simulations used 1-D 
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gratings (linear) because of the overwhelming computational load related to the fine spatial 

sampling requirement. Since the linear gratings are sensitive to the incident light 

polarization, the performance as function of polarization is also discussed. Finally, changes 

in the normalized angular intensity spectrum of the baseline gratings, due to the presence 

of ARSS, are discussed along with wave propagation simulation results.  

Section 2.5, presents the conclusions of the effects of the trial transverse-feature 

ARSS distributions and their antireflective performance on the functional baseline 

diffractive element.     

2.2 Motivation 

As mentioned in Chapter 1, a thin film AR coating (TFAR) is one of the most prominent 

techniques used to suppress Fresnel reflections from optical surfaces [1-4]. Antireflective 

structured surfaces (ARSS) periodic or random have been studied extensively during the 

last two decades as a practical alternative to conventional TFAR, especially in wavelength 

bands where well-matched optical refractive index materials are unavailable.    

Random distributions of nanostructures forming rARSS are often modelled as 

homogeneous stratified dielectric gradient optical index (GRIN) layers, globally averaging 

the distributed transverse features to a single optical index fill-factor for each constitute 

layer [9]. This is a direct consequence of the layered effective medium approximation, 

which results in loss of continuity between the GRIN layers for some models. The simplest 

design of the periodic anti-reflective structured surfaces (ARSS) is a binary-phase 

transmission grating, with spatial period smaller than the minimum of the desired 
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wavelength band, commonly referred to as a sub-wavelength grating (SWG). Adhering to 

SLAR thin-film index and thickness design conditions, predicted by effective medium 

theory (EMT) as shown in Figure 10(b) [7-9], the nanostructured surface “layer” is 

approximated as having the effect of the equivalent SLAR coating, as shown in Figure 

10(a). This greatly simplified methodology is followed by numerical optimization 

simulations, using a variety of algorithms such as rigorous coupled-wave analysis (RCWA) 

or finite-element propagation to achieve the desired AR effect [44, 45]. 

Expanding ARSS design beyond planar substrates becomes more computationally 

challenging, as the AR-inducing SWG must be applied anisotropically over the underlying 

substrate’s morphology. For example, adding   SS to the surface of binary gratings yields 

complicated bi-periodic feature layers, multiplexing the diffractive performance of the 

SWG-ARSS to the baseline grating performance, as shown in Figure 10. The empirical 

design rule is to decrease the subwavelength ARSS spatial period (𝑝𝑥) enough, to yield an 

increase in AR effect and reduce any perturbations in the baseline grating performance. 

This approach has practical fabrication limitations, due to challenging critical dimensions 

for the AR-SWG, and because of the increased numerical simulation complexity, which 

renders the model computationally intense, especially for two-dimensional SWG.  

There is a gap in the understanding of the effects of transverse feature distributions on 

AR performance for randomly distributed ARSS to periodic SWG-ARSS. Randomness in 

the nanoscale features of ARSS are usually analyzed using autocorrelations between their 

optical surface profiles. ARSS are rough in nature compared to optically smooth thin film  

coatings, and roughness of these structured surfaces can be analyzed using various 

available optical scattering models. In most scatter model’s, randomly distributed surface 
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features are approximated by a collection of sinusoidal gratings and the AR-surfaces are 

modeled by linear superposition of their spatial frequencies. This is based on scale 

approximations, to relate surface roughness and the incident light wavelength dimensions. 

However, scatter models predict off-axis scatter and not the axial “alignment” of 

propagation radiation as shown in Figure 11(b) [46-48]. As, such scatter calculations are 

subtractive and cannot overcome Fresnel losses, due to the change in the optical index 

when the incident light transitions from ambient to substrate and vice versa. Approaching 

the scaling problem of random ARSS using the EMT method is not providing a transition 

model to scatter either [7-9]. The global averaging of the effective index, within the 

 
 

Figure 10 : Graphical depiction of cross sections from three types of surface structures used as AR treatments 

on a diffractive device. In all cases, a linear phase grating with spatial period 𝜦𝒙 and π-phase depth h is used 

as the baseline optical surface, the indices are 𝒏𝒊 for ambient and 𝒏𝒔 for the substrate. (a) Surface crossection 

with an SLAR of index 𝒏 and thickness 𝒅 anisotropically applied to the grating surfaces. (b) A sub-scale 

periodic grating 𝒑𝒙 with fill-factor 𝒇, multiplexed ten-times across each period 𝜦𝒙, acting as an AR-structure. 

(c) The AR-structure replaced by a distributed-feature periodic grating, with the same multiplex factor and 

fill-factor as (b). 

 

= 8µm 

= 8µm 

= 8µm 

(a)

(b) (c)
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transitional layer’s as shown in Figure 11 (a), is not sensitive to feature distributions and 

does not predict scatter. Although the EMT model can overcome Fresnel loses by the 

directional interference of the wavefront, it has no mechanism to direct light off the axial 

direction. There is absence of a transitional model, which takes into account the two-

dimensional spatial redistribution of features within a chosen unit cell for a given layer 

effective medium choice. 

  To investigate the AR and scatter functionality of transitional redistribution of phase 

nanostructures, from periodic SWG ARSS to quasi-randomized features on a pre-patterned 

substrate surface, a baseline 50% duty cycle, binary π-phase grating with ℎ = 𝜆˳/2(𝑛𝑠 −

𝑛𝑖) was chosen, onto which ARSS profiles are anisotropically superimposed, to act as 

antireflective structures. We used two classes of ARSS: conventional, binary single-phase-

transition gratings, based on EMT fill-factor requirements (B-series) and a selection of 

Dammann gratings of various orders (D-series). Dammann gratings are pseudorandom 

binary grating profiles, with varying optical densities within their spatial-period unit cell, 

 
 

Figure 11 : Graphical depiction of (a) GRIN-EMT approximation of antireflective structured surface (ARSS) 

and (b) Scatter from optically transparent substrate with rough surface. 
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designed to generate equal intensity multiple diffraction orders for periods larger than the 

incident wavelength. As such, Dammann gratings have deterministic profiles based on 

specific selection rules, which allows a methodical study of optical cross-coupling effects, 

due to their ARSS periodicities multiplexed on the baseline grating. 

In this study, Dammann gratings with increasing feature-distribution complexity and 

comparable EMT fill-fractions are multiplexed on the baseline binary grating, and their AR 

performance efficiency is computed using RCWA. The choice of a 50% duty-cycle, π-

phase baseline grating, is based on its simplicity and segregation of the resulting angular 

intensity spectrum. For all incident wavelengths smaller than the baseline grating’s spatial 

period, there will be even and odd propagating diffraction orders. However, the baseline 

gratings profile choice distributes energy efficiently only to the odd diffraction orders, 

suppressing the even orders by about two-orders of magnitude as shown in Figure 12. This 

selection rule allows for segregation of the transmitted intensity spatial distribution to: 

controlled angles (from the odd orders) and scatter (from the even orders).  

 
 

Figure 12 : RCWA-simulations of propagating diffraction order efficiencies for a fused silica baseline grating 

(𝛬𝑥 = 8.00µ𝑚, and ℎ = 𝜆˳/2(𝑛 − 1)).  
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To illustrate the effects of multiplexing an ARSS SWG on the large period baseline 

grating. Binary SWG fulfilling the 0th-order EMT criteria with a single-phase transition 

boundary (represented as B-0), is directly compared the numerical results of a Dammann 

grating (represented as D-21) that has the same EMT criteria. In Figure 13, the baseline 

grating even-order suppression averages at a normalized intensity level of 2(10-3), shown 

by the blue bars, while the controlled normalized intensity peaks for the ±1-diffraction 

orders are at a normalized intensity level of 0.390. Perturbations in the baseline grating 

performance, because of the presence of the SWG-ARSS and the evanescent coupling 

between the two diffractive elements, can induce undesirable efficiency changes to the 

baseline grating angular intensity spectrum, including possible reduction of odd order and 

increase of the even order intensities. This is evident in Figure 13(a), especially for the 

 
 

Figure 13 : RCWA-simulations of propagating diffraction-order efficiency for the silica baseline grating 

(𝛬𝑥 = 8.00µ𝑚, and ℎ = 𝜆˳/2(𝑛 − 1).) with AR-structures multiplexed 14-times across the base period 

(𝑝𝑥 = 571nm), with TE polarization at normal incidence and 𝜆0 = 633nm. The efficiencies for the grating 

without the ARSS are shown as blue bars, compared to the efficiencies of the grating with ARSS in orange: 

(a) SWG in air, matched to 0th-order EMT conditions and, (b) a 21-order Dammann grating. In both cases 

the EMT fill-factor is: 𝑓 = 0.406. 
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parasitic increase of the ±14th-diffraction orders to a level of 0.100 shown by the orange 

bars, due to the presence of the B-0 SWG on top of the baseline grating. The controlled ±1 

diffraction orders are reduced to 0.325, although overall light transmission is enhanced by 

2% over the Fresnel reflectance. In contrast, the effect of the D-21 SWG with re-distributed 

features on the same baseline grating (Figure 13(b)), produces an intensity spectrum closer 

to the original, with the ±1 diffraction order efficiency at 0.395 and an overall transmission 

enhancement of 3%.  For both simulation results shown in the figure, the EMT fill-factor 

is exactly the same f = 0.406, suggesting that the layer-averaging EMT method should have 

the same outcome. In this study, any “parasitic” effects on the original baseline grating 

performance because of the AR transverse features distributions can be monitored through 

systematic selection of high-rank Dammann gratings. Further the observed effects on their 

AR functionality can be related to the calculated surface-feature correlations between the 

selected Dammann-SWG. 

2.3 Numerical Experiment Design 

 2.3.1 Effective Medium Theory 

Random ARSS surfaces are often modelled using the 0th-order EMT for each 

distributed stratum. For SWG-ARSS profiles, with periods comparable to the incident 

wavelength and not strictly of sub-wavelength scale, 0th-order EMT formulated using static 

approximations in relation to incident wavelength, and the periodic boundary profile 

becomes insufficient. For accurate computations, the use of higher-order EMT analysis 

becomes necessary. Higher-order EMT takes non-static interactions into consideration 
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 between the incident field and the effective optical index layers. For this study, the 2nd-

order EMT was used to determine the modes of a binary-phase SWG as shown in the Figure 

14. The 2nd-order EMT is derived using the Rytov approximation between the polarized 

electromagnetic waves perpendicular (⏊) and parallel (∥) to the stratified medium grating 

vector (𝐾) [49]. Considering the periodicity of the AR structures, higher order EMT 

analysis uses methods similar to guided modes in a slab waveguide parallel to the substrate 

surface. Due to computational limitations, the numerical experiment was restricted to one-

dimensional periodic profile for the baseline grating, with ordered and pseudo-random 

ARSS-SWG multiplexed on the surface of baseline grating. Because of the design choice, 

polarization of the incident field has to be taken into consideration, even at normal angle 

of incidence conditions. The equations of the stratified medium’s effective permittivity to 

a 2nd-order coupling between the spatial period (𝑝𝑥) and the incident wavelength (𝜆˳) are 

given as: 

 𝜀𝐸⏊𝐾
(2)

= 𝜀𝐸⏊𝐾
(0)

[1 +
𝜋2

3
(

𝑝𝑥

𝜆˳
)

2

𝑓2(1 − 𝑓)2 (
(𝜀𝑠 − 𝜀𝑖)

2

𝜀0𝜀
𝐸⏊𝐾

(0)
)] (3) 

 
 

Figure 14 : Graphical depiction of a stratified medium consisting of two distinct materials. The substrate 

medium has a permittivity 𝜺𝒔 and the incident medium of permittivity 𝜺𝒊, the filling factor of the stratified 

medium is given as 𝑓 = 𝑎/𝑝𝑥 and 𝐾 is the grating vector. 
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 𝜀𝐸∥𝐾
(2)

= 𝜀𝐸∥𝐾
(0)

[1 +
𝜋2

3
(

𝑝𝑥

𝜆˳
)

2

𝑓2(1 − 𝑓)2 (
𝜀𝐸⏊𝐾

(0)

𝜀0
) (

(𝜀𝑠 − 𝜀𝑖)𝜀𝐸∥𝐾
(0)

𝜀𝑖𝜀𝑠
)

2

] (4) 

 

 In equations (3) and (4) 𝜀0, 𝜀𝑖 and 𝜀𝑠 are respectively the permittivities of free space, 

superstrate and substrate, 𝑓 is the filling-factor of the stratified layer, representing the 

volume fraction of substrate material contained within a spatial period 𝑝𝑥. The expressions 

of the 0th-order EMT permittivities included in the above equations are given as: 

 𝜀𝐸⏊𝐾
(0)

= (𝑓𝜀𝑠  +  (1 − 𝑓)𝜀𝑖) (5) 

 𝜀𝐸∥𝐾
(0)

= (
𝑓

𝜀𝑠
 +  

1 − 𝑓

𝜀𝑖
) (6) 

 

Equations (3-6) represent the EMT permittivities of any SWG for incident light with 

TE or TM polarizations. The calculated permittivities are approximated to the average 

values of an equivalent SLAR coating, and do not depend on the relative position of 

distributed features within the period (𝑝𝑥), but only on the filling fraction value 𝑓. For 

binary phase profiles designed as an AR-structure, as shown in Figure 10 (b), the effective 

index of the layer is computed as the square root of the resulting permittivity from the 

equations above. For an optimal SLAR using 0th-order EMT, the calculated fill fraction is: 

𝑓𝐵0
(𝑇𝐸)

= (1 + 𝑛𝑠/𝑛𝑖)−1 and 𝑓𝐵0
(𝑇𝑀)

= (1 + 𝑛𝑖/𝑛𝑠)−1, for TE and TM polarizations 

respectively. The SWG depth was selected to be equal to that to the quarter-wave depth of 

the substrate’s value, in accordance with SL   thin-film equivalent conditions. These 

parametric selections define designs of two candidate EMT layers for the numerical 

experiment: the 0th-order EMT and, 2nd-order EMT binary-phase SWG, used as AR-

structures on the baseline grating and are referred to as B-0 and B-2 in the following text. 
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To analyze the effects due to variations in transverse feature distributions using the 

designed numerical experiment for the fused silica substrate, the fill fractions comparable 

to an SLAR thin-film was estimated using the 0th and 2nd order EMT. Since the 2nd order 

EMT is a function of the period of the SWG (𝑝𝑥), the variation of the fill fraction as a 

function of grating period was calculated for an incident wavelength of 633nm. A decrease 

in the fill fraction with the increase in the SWG period was observed, with fill-fraction 

reaching a maximum equal to 0th order EMT predicted value and remaining approximately 

constant for lower grating periods as shown in Figure 15. However, for the numerical study 

the smallest period of the SWG-ARSS was restricted to 400nm, due to computational 

limitations. The predicted fill-fractions from equations 3-6 are for TE polarization 0th order: 

𝑓𝐵0
(𝑇𝐸)

= 0.406, 2nd-order: 𝑓𝐵2
(𝑇𝐸)

= 0.334; and for TM polarization 0th order: 𝑓𝐵0
(𝑇𝑀)

=

0.594 , and 2nd order: 𝑓𝐵2
(𝑇𝑀)

 = 0.506. 

 
 

Figure 15 : Calculated fill fraction as a function of SWG period using 2nd order EMT for fused silica substrate 

at incident wavelength of 633nm for TE and TM polarization. where the dashed line indicates the fill fractions 

for grating period of 400nm. 
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2.3.2 Dammann Gratings as AR-layers 

Profiles of non-binary ARSS are usually modelled as gradient-index homogeneous 

sequential layers, with gradual increase of the effective optical index from the ambient to 

substrate. Randomly structured AR surfaces have various feature profiles and spatial 

distributions, resulting from differences in fabrication methods, usually initiated and 

controlled through random masking such as sputtering or annealing, and have been 

documented to have various corresponding optical performances. To methodically control 

the numerical experiment, starting at the ordered SWG single-transmission state (binary 

phase profile), and transitioning to quasi-randomized feature distributions. The volume fill 

fraction 𝑓 with the periodic unit cell is redistributed by segmenting and rearranging the 

segments, within the net sum of values for the respective TE and TM polarizations. A 

deterministic rearrangement of the of the phase transition locations within the periodic 

structure can be achieved using Dammann’s selection rules [50,51]. 

 Dammann gratings are deterministic binary phase profiles, designed to distribute an 

incident wave to an array of equal intensity diffraction orders in the far field, provided the 

optical binary phase depth of the profile is a half cycle (π) [52, 53]. These deterministically 

designed gratings are ranked with respect to their 2N+1 equal intensity orders, and are 

characterized by the N phase-transition points within their spatial period. The 1D-Damman 

phase profiles 𝑔(𝑥) can be described as:  

 𝑔(𝑥) = ∑ (−1)𝑚

𝑁

𝑚=0

П (
𝑥 −

1
2

(𝑥𝑚+1 +  𝑥𝑚)

(𝑥𝑚+1 + 𝑥𝑚)
) (7) 
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Where xm are the locations of the phase-transition points, and П is the rectangular 1-

dimensional window distribution of width 𝑏, centered at the coordinate 𝑎 (rect-distribution 

 
Figure 16 : Cross-Sectional view of 1-dimensional, normalized 𝑵-order Dammann binary-phase grating 

profiles, within their periodic unit cell 𝒑𝒙, along with their simulated angular intensity distribution for fused 

silica substrate at half wave depth (a) and quarter wave depth (b). (Left column): Odd-order Dammann 

gratings with volume fractions comparable to 𝒇(𝑻𝑬) requirements. (Right column): Even-order Dammann 

gratings with volume fractions comparable 𝒇(𝑻𝑴)to requirements. The last entry is a reversed-tone grating to 

match the TM conditions.  

(a)

4

(b)

d = λ/2

d = λ/4
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function). In essence, the sum of all the distributed rectangles yields the volume fraction 𝑓 

within a single period (𝑝𝑥). Figure 16 shows a representative set of 1D-Dammann grating 

phase distributions. For gratings of increasing order-N, the number of transition points 

increases and the profiles become more complex. As seen in Figure 16 (a), feature size and 

width are not simple functions of locations or N, due to the far field diffraction intensity 

selection rules imposed by the scalar Fourier Transform approximation. There are some 

notable properties of the distributions though. Even-rank Dammann gratings result in 0th 

diffracted order suppression and considerable reduction of all even diffraction orders 

intensities. This is a consequence of symmetry, as the 0th order located on-axis will always 

be unpaired, and therefore the total equalized energy from the diffraction spots will be 

restricted to odd number diffraction orders. Because of this consequence, the volume fill 

fraction of the even-rank Dammann gratings is always 𝑓𝐸𝑉𝐸𝑁 = 0.500. There is no such 

restriction for the odd-rank Dammann, and their fill fractions can in principle span over all 

possible values of 𝑓, however, due to their equal intensity requirement, optimized solutions 

are restricted to values 0.300 ≤ 𝑓𝑂𝐷𝐷 ≤ 0.405. If the substrate and superstrate reflective 

index are exchanged (tone reversal) the optimized solutions for the fill-factor are bound 

by: 0.580 ≤ 𝑓𝑂𝐷𝐷 ≤ 0.700 as shown in figure 17. Considering the EMT fill fraction 𝑓 

values of B-0 and B-2 for TE and TM polarizations, it was observed that even-rank 

Dammann gratings match very well with 𝑓𝐵2 for TM polarization and the odd ones can 

cover a range between the values 𝑓𝐵0 and 𝑓𝐵2 for TE polarization. The reversed-tone of 

odd-order Dammann match closely the range between 𝑓𝐵0 and 𝑓𝐵2 for TM polarization. 

The depth of the AR-SWG profiles was restricted to a quarter of the incident 

wavelength (𝜆/4) to match perfect SLAR thin film layer thickness. However, since the 
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profiles of choice are no longer at their functional depth for the equal-efficiency conditions 

of Dammann gratings, the intensity of the 0th order is increased and all higher propagating 

orders are suppressed as shown in the Figure 16 (b). The intensity equalized diffraction 

order (IEDO) and the other propagating orders become evanescent as the period 𝑝𝑥 is 

reduced from near-wavelength to sub-wavelength.  

To characterize the transverse feature spatial distributions (complexity) of all phase 

profiles considered, the normalized spatial autocorrelation of Dammann unit cells was 

computed, which is a measure of self-similarity for the pseudo-random profiles. For 

consistency the distance from the center to the first local minimum of the calculated 

autocorrelation was chosen as the measure for the correlation length, because of the 

different fill fractions of the Dammann gratings as shown in Figure 18. The calculated 

autocorrelation lengths, normalized to the period of Dammann grating profiles selected in 

 
 

Figure 17 :  Fill Fraction variation with respect to Dammann grating rank, shown here as the number adjacent 

to the markers. The solid and dashed lines represent the calculated EMT 0th and EMT 2nd order fill-fraction. 

Dammann gratings used in the computations are represented with the black-circular markers and the rest as 

open-circular markers.        
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the study, have a decreasing trend with increasing Dammann grating rank, for both odd 

and even IEDO as shown in Figure 19. The increase in the number of phase-transition 

locations N within the Dammann grating unit cells results in increasingly complex profiles 

for higher ranks compared to lower Dammann ranks.  

    To analyze the variation in performance of the Dammann gratings as an efficient ARSS-

SWG, designs with varying transverse features, with fill fractions spanning the predicted 

0th order and 2nd order EMT for each polarization and complexity were chosen, as shown 

by the solid markers in the Figure 17 and Figure 19. The selected Dammann grating phase 

profiles along with SWG (B-0 and B-2), were multiplexed on the two-level phase mesas 

 
 

Figure 18 : Normalized autocorrelation of 21-Dammann grating rank unit cell., The dashed line indicates the 

first minimum along the transverse dimensional axis, used as a reference to measure the profile correlation 

length. The computation used is serial multiplication, not an equivalent linear transform method. 
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of the 50% duty cycle, binary, π-phase depth baseline grating. The ratio of the baseline 

grating period to the ARSS grating periodicity is a measure of the structured AR spatial 

periodic frequency and is defined as: 𝑘 =  𝛬𝑥/𝑝𝑥 . For even multiplexed frequencies 𝑘 =

 2,4,6, . . .20 is the ARRS periods scale from to super-wavelength to subwavelength. The 

period of the baseline grating is kept constant throughout the computations, as shown in 

Figure 10, to retain the ability to observe the response of the desired and undesired 

diffracted orders. The multiplex ratios were restricted to even, to have equalized the total 

number of  𝑝𝑥 on each of the phase levels of the baseline grating. 

 
 

Figure 19 : Normalized autocorrelation length with respect to Dammann grating rank. The measured 

Dammann gratings are represented with the black circular markers and the rest as black annular markers.  
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2.4 Numerical Experiment Results 

2.4.1 Net Transmission Enhancement 

Net transmission enhancement of the baseline grating performance as a function of 

multiplex ratio k was computed using RCWA, for both TE and TM polarizations, shown 

in Figure 20. The baseline grating is capped by the SWG-binary 0th and 2nd EMT and the 

corresponding choices of SW-AR-Dammann grating profiles, with volume fractions 

restricted to the same EMT-layer conditions. The transmission enhancement was 

calculated, as the fraction of the on-axis transmittance for each diffraction order for the 

baseline grating with and without the choices of SWG-ARSS, by: 

𝜏𝐵,𝐷
(𝑇𝐸,𝑇𝑀)

(𝑘)  =  [
∑ �̂�𝑚

(𝑇𝐸,𝑇𝑀)
(𝑘)+𝑞

𝑚=−𝑞

∑ 𝑇𝑚
(𝑇𝐸,𝑇𝑀)

(𝛬𝑥)+𝑞
𝑚=−𝑞

 − 1]

𝜆˳ ,𝛬𝑥 ,𝑑

 (8) 

Where B,D stands for the SWG binary identifier (B-X) or the Dammann unit cell identifier 

(D-XX), 𝑚 is the spatial diffraction order integer-index spanning the baseline grating’s 

propagating diffraction order spectrum: −𝑞 ≤ 𝑚 ≤ +𝑞; and 𝑇𝑚
(𝑇𝐸,𝑇𝑀)

(𝛬𝑥), �̂�𝑚
(𝑇𝐸,𝑇𝑀)

(𝑘) are 

respectively the diffractive order-transmitted powers of the baseline grating without, and 

with, the ARSS gratings. As mentioned in the section 2.2, diffraction orders up to ±5𝑞 

were retained in the RCWA simulations, to maintain the energy conservation and 

evanescent order cross-coupling between the baseline grating and the ARSS-SWG choices. 

The baseline-grating period (𝛬𝑥), the AR-layer thickness (𝑑) and the incident wavelength 

(𝜆˳) were kept constant throughout the simulations. The calculated net transmission from 

the simulations of the baseline grating, which is an independent summation of all 
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propagating orders, was verified to be equal to the Fresnel-derived intensity for the fused 

silica substrate: 

𝑇(𝜆˳) =  ∑ [𝑇𝑚
(𝑇𝐸)

(𝛬𝑥)]
𝜆˳ ,𝛬𝑥 ,𝑑

+𝑞

𝑚=−𝑞

 =  ∑ [𝑇𝑚
(𝑇𝑀)

(𝛬𝑥)]
𝜆˳ ,𝛬𝑥 ,𝑑

+𝑞

𝑚=−𝑞

 

=  1 − |
𝑛𝑖(𝜆˳)  −  𝑛𝑠(𝜆˳)

𝑛𝑖(𝜆˳)  +  𝑛𝑠(𝜆˳)
|

2

 

=  1 − (𝑓𝐵0
(𝑇𝐸)

 −  𝑓𝐵0
(𝑇𝑀)

)
2

 (9) 

  In the numerical experiment, at normal incidence values the left side of equation 9 

(net transmission for TE or TM incident polarizations) is independent of polarization state 

because of the summation of all diffracted order contributions from the baseline grating. 

The right side (Fresnel-derived transmission) is also polarization independent for normal 

angle of incidence. The result can be expressed in terms of the SWG effective index of 0th-

order EMT fill fractions for the perfect SLAR layer. 

Fused silica windows have an average normalized transmission of 0.931 across the 

visible spectrum, with each surface contributing to Fresnel reflectance by 0.035. Since the 

numerical simulations were restricted to a single surface, the strictly subwavelength regime 

multiplexed ARSS gratings (𝑘 = 20) were observed to approach a net enhancement of 

3.5% with little to no difference between the incident polarization states. For multiplex 

ratios 18 ≥  𝑘 ≥  10, in the wavelength-scale regime, the presence of higher ARSS 

grating-induced propagating orders and cross-coupling between the multiplexed gratings, 

resulted in transmission enhancement decrease. This is evident for B-0 and B-2 ARSS,  
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Figure 20 : Net transmission enhancement of fused silica 1-D binary phase, 50% duty cycle grating, with 1-

D Dammann gratings acting as ARS surfaces, as a function of the Dammann multiplex frequency k. (a) TE-

polarization and (b) TM-polarization for various volume fractions of Dammann gratings, in comparison to 

binary gratings with EMT-0th and EMT-2nd order approximation. The IEDO are labelled as DXX, based on 

their equal-order population. The post-script F indicates that the phase was reversed in order to satisfy the 

corresponding EMT fill-factor upper limit for TM. Negative values indicate transmission losses due to 

reflection and the maximum enhancement because of single surface AR (SSAR) is indicated by a dashed 

line. 

 

SSAR
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along with ARSS-Dammann gratings with high value autocorrelation lengths (such as D-

05 and D-07), while gratings with smaller value autocorrelation lengths show a consistent  

enhancement of about 3% for both polarizations. In the super-wavelength regime, for 

multiplex ratios 8 ≥  𝑘 ≥  2, while the gratings B-0 and B-2 show little to no 

enhancement, gratings D-05 and D-07 show average enhancements of about 1%. Gratings 

D-11, D-21 and D-12 (for TE) along with gratings D-21, D-21F, D-08 and D-10 (for TM) 

show better performance with average enhancements of about 2%. 

The numerical computation results suggest an enhancement in overall transmission due 

to the presence of the ARSS-gratings. However, one should be mindful of the baseline 

grating’s performance, which was designed to propagate odd diffraction orders and 

suppress the even orders, shown previously in Figure 12. Superposition of the AR-gratings 

perturb the function of the baseline grating, affecting the transmission intensities of both 

the propagating odd and even orders, strongly dependent on ARSS-grating multiplex ratio 

choices. To investigate the variations in the performance of the AR-gratings, net 

enhancement (Equation 10) of the odd-DO transmission is shown in Figure 21, as a 

function of multiplex ratio for the AR-gratings choices. The directed odd-diffraction orders 

were considered as contributing to the design desired transmission 𝑡𝐵,𝐷
(𝑇𝐸,𝑇𝑀)

(𝑘), whereas 

the even-diffraction orders can be considered as a form of undesirable scatter 𝜎𝐵,𝐷
(𝑇𝐸,𝑇𝑀)

(𝑘): 

𝜏𝐵,𝐷
(𝑇𝐸,𝑇𝑀)

(𝑘)  =  ([
∑ �̂�𝑚

(𝑇𝐸,𝑇𝑀)
(𝑘)+𝑞′

𝑚=−𝑞′

∑ �̂�𝑚
(𝑇𝐸,𝑇𝑀)

(𝛬𝑥)+𝑞′

𝑚=−𝑞′

 − 1] + [
∑ �̂�𝑚

(𝑇𝐸,𝑇𝑀)
(𝑘)+𝑞′′

𝑚=−𝑞′′

∑ �̂�𝑚
(𝑇𝐸,𝑇𝑀)

(𝛬𝑥)+𝑞′′

𝑚=−𝑞′′

 − 1])

𝜆˳ ,𝛬𝑥 ,𝑑

 

=  𝑡𝐵,𝐷
(𝑇𝐸,𝑇𝑀)

(𝑘)  +  𝜎𝐵,𝐷
(𝑇𝐸,𝑇𝑀)

(𝑘) (10) 
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Figure 21 : Odd DO transmission enhancement (directed power) of fused silica 1-D binary phase, 50% duty 

cycle grating, with 1-D Dammann gratings acting as ARS surfaces, as a function of the Dammann multiplex 

ratio frequency k. (a) TE-polarization and (b) TM-polarization for various volume fractions of Dammann 

gratings, in comparison to binary gratings with EMT-0th and EMT-2nd order approximation. The IEDO are 

labelled as DXX, based on their equal-order population. The post-script F indicates that the phase was 

reversed in order to satisfy the corresponding EMT fill-factor upper limit for TM. Negative values indicate 

transmission losses due to reflection or scatter and the maximum enhancement because of single surface AR 

(SSAR) is indicated by a dashed line. 

SSAR

SSAR
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In equation 10, the summation over 𝑞′includes only odd integers, while the 𝑞′′integers 

are only even. The scattering term includes the 0th-diffraction order, which incorporates 

any phase-step perturbation effects due to the presence of the ARSS-layer thickness. In the 

subwavelength regime (𝑘 =  20), for both incident polarizations the transmission 

enhancement of the odd orders matches in value the net transmission enhancement, while 

a significant reduction in enhancement is observed in the wavelength-scale regime (18 ≥

 𝑘 ≥  10). For TE polarization, directed transmission scattering losses were observed for 

all AR-gratings with (14 ≥  𝑘 ≥  10), except for D-21 which had an average enhancement 

of about 1%, in contrast to the net transmission enhancement observed in Figure 20(a) for 

every ARSS-grating type. For TM polarization, the observed net enhancement of odd 

diffraction orders for every AR-grating follows closely to the trends observed in Figure 

20(b), except in the cases for B-0 and B-2. In the super-wavelength-scale regime (8 ≥  𝑘 ≥

 2), there was negligible enhancement for TE polarization in correlation to the near-

wavelength regime, whereas, an average enhancement of about 1% to 1.5% for all the AR-

gratings other than B-0 and B-2 for TM polarization was achieved.  

2.4.2 Transmission Angular Intensity Spectrum 

               Intensity transmission enhancement for each propagating diffraction order  

𝜏𝐵,𝐷
(𝑇𝐸,𝑇𝑀)

(𝑘), as a function of the multiplexed AR-gratings B-0, B-2, and the selected 

Dammann AR-gratings is plotted in Figure 22 and Figure 23. For TE polarization in the 

subwavelength regime ( 𝑘 =  20) a uniform enhancement of the angular intensity spectrum 

is observed for D-11, D-21 and D-12 with slight perturbations in the higher diffraction 



40 

 

orders, while for B-0, B-2, D-05 and D-07 the perturbations were observed to be more 

prominent. This suggests high-angle scatter, even at SWG scales. In the wavelength-scale 

and super-wavelength regime (14 ≥  𝑘 ≥  2), even though a uniform transmission 

enhancement of the low-diffraction order is observed for odd and even orders, 

perturbations of higher orders has increased considerably from the nominal baseline 

 
 

Figure 22 : Transmission enhancement (τ) of all Diffraction orders for incident polarization of TE of a fused 

silica 1-D binary 50% duty cycle grating, as a function of multiplex ratio k with 1-D ARS surface gratings 

for the selected gratings. The baseline grating without ARSS is represented by k = 0 and τ = 0. The arrow 

marked in orange on the TE B-0 and D-21 indicate τ for the data shown in Figure 13.  
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performance values. This is a direct consequence of the higher-diffraction orders generated 

by the presence of the AR-gratings. The propagating higher diffraction orders for smaller 

𝑘 choices cross couple into the baseline grating angular spectrum, causing the odd and even 

diffraction order competing performance from Figure 20 and Figure. 21. TM polarization 

has similar trends with decreasing multiplexed ratios; while in contrast, the diffraction 

order perturbations in intensity are weaker compared to TE for all the AR-gratings 

simulated. Variations in the baseline grating diffraction order intensity efficiencies signify 

 
 

Figure 23 : Transmission enhancement (τ) of all Diffraction orders for incident polarization of TM of a fused 

silica 1-D binary 50% duty cycle grating, as a function of multiplex ratio k with 1-D ARS surface gratings 

for the selected gratings. The baseline grating without ARSS is represented by k = 0 and τ = 0.  
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some ARSS-grating transverse-feature distribution dependence beyond the EMT volume 

fraction values. It is also noted that transverse-feature distribution dependence of the 

multiplexed AR-gratings with lower autocorrelation lengths, such as D-21, D-12, D-10, 

result in weaker scatter contributions compared to their larger autocorrelation length 

counterparts, such as D-5, D-7 or D-8. Other than the numerical results presented here, 

there are no qualitative indications as to why these trends are as such. 

2.4.3 Wave propagation simulations 

In order to quantify the feature distribution effects on the directed transmission 

enhancement  𝑡𝐵,𝐷
(𝑇𝐸,𝑇𝑀)

(𝑘), we simulated the intensity distribution for each polarization 

state near the baseline-grating’s surface. The results for two cases, B-2 and D-21, are 

presented in Figure 24. Both AR-gratings have a subwavelength periodicity with multiplex 

spatial frequency 𝑘 =  20. A transverse section of a single period of the baseline grating 

is shown (𝛬𝑥  =  8µ𝑚). We note that both AR-gratings have a directional transmission 

enhancement 𝑡𝐵,𝐷
(𝑇𝐸,𝑇𝑀)

(𝑘)  ≥  0.03, as seen in Figure 20 and 21. Figures 24(a)-TE and 

24(c)-TM show the formation of high-intensity nodes within the B-2 AR-grating layer. The 

reflected intensity has low contrast fringes, whereas the transmitted intensity has high-

contrast regions within the substrate medium, indicating the flow of diffracted energy into 

the substrate because of the baseline grating performance. The intensity within the D-21 

AR-grating layer, in Figure 24(b)-TE, shows considerable reduction in intensity 

localization within the ARS layer, with lower fringe contrast in reflection. The TM 

polarization for D-21 (Figure 24(d)) shows localization of intensity within the AR-grating’s  
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Figure 24 : Simulated intensity distribution in the plane of incidence, near the baseline-grating surface for: 

(a) TE from B-2; (b) TE from D-21; (c) TM from B-2 and (d) TM from D-21. In all cases k = 20. For 

comparison, the top-down phase profile of the AR-gratings is shown next to the enumeration. The baseline-

grating profile begins at z = 0.5 µm, and extends into the substrate for higher values of z. The color bar is in 

normalized arbitrary units. 

 

(a)

(b)

(c)

(d)
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layer, with a doubled spatial frequency distribution compared to Figure 24(c). These results 

indicate that AR-grating profile feature distributions on the surface of the baseline grating 

have noticeable effects in the performance of the combined device. More importantly, we 

note that if 2nd-order EMT is used for the initial AR-grating design, B-2 is a conventionally 

better criterion match, although D-21 (which matches the 0th-order EMT criterion) is 

actually performing at or higher AR-efficiency and with less transmission scatter. 

2.5 Summary 

In this chapter, results from a numerical experiment designed to explore the effects of 

nanostructured surfaces acting as anti-reflective layers added on the surface of a one-

dimensional, 50% duty-cycle, baseline binary-phase grating, were presented. The goal of 

the numerical study was to determine the degree of agreement between ordered periodic 

ARSS profiles designed based on EMT refractive index fill-fraction criteria and, pseudo-

randomly distributed binary-phase encoded profiles (Dammann gratings) acting as 

transmission enhancers. In order to differentiate between the simple binary AR-gratings 

and the AR-Dammann grating profiles, the fill-fraction of the equivalent EMT layer was 

used, and the ARSS-grating profile autocorrelation length categorized the AR-structures. 

The depth of the AR-layer was restricted to one-fourth of the light wavelength at normal 

incidence, to investigate solution possibilities for thin-layered ARSS, which would 

preserve the form and function of the baseline diffractive element. Transmission efficiency 

of all propagating orders from the baseline grating, segregating the angular spectrum into 

directed and scattered diffraction orders were simulated for both the polarizations. 
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The results presented show that for simple profile AR-gratings, with transverse profile 

large autocorrelation lengths or just a single phase-transition within their periodic cell, 

overall Fresnel reflectivity can be suppressed from the structured surface. Perturbative 

effects on the directed transmission efficiency, due to cross-coupling between the ARSS-

gratings and the baseline grating, increase relative scatter. In contrast, complex grating 

profiles with short autocorrelation lengths tend to preserve the directed power transmission 

distribution, have significantly lower scatter and, are equally effective in reflectivity 

reduction. These effects are strongly dependent on the ratio of the ARSS-grating unit cell 

period to the incident wavelength value, improving anti-reflectivity as the cells become 

subwavelength in scale. Off-direction scatter is not reduced just by decreasing the size of 

the ARSS periodic cell, unless periods of the unit cells are strictly sub-wavelength. 

The two foundational models used for light interacting with an optical surface are: the 

effective-medium approximation (EMT) and, subwavelength periodic sinusoidal grating 

multiplexing (SWGM). The former can match AR-conditions using homogeneous-layer 

optical index stratification of boundaries, whereas the later accounts for scattering by 

superposing a large collection of “thin” gratings as the surface profile. These models are 

complementary in concept, as EMT cannot predict scatter and SWGM cannot suppress 

Fresnel reflectivity. The presented results from the numerical study show that even at near-

wavelength periodic scales and thin single-layer restrictions, a redistribution of the ARSS 

features can result in high values of light total transmission and directionality. The effects 

are sensitive to feature distribution and organization, not just to the feature number or 

density. Based on the tested pseudo-random Dammann grating profiles, we observe that 

increasing Dammann-order ranks have more stability and consistency in results, as the 
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periodic cell length is reduced from wavelength-scales to sub-wavelength. This realization 

suggests that deterministic pseudo-random scatterers can “cooperate”, reducing the optical 

boundary electromagnetic impedance discontinuity.  

The cooperative scattering of the higher-order Dammann ranks is supported by rigorous 

coupled-wave analysis simulations of the wavefront intensity near the surface, as shown in 

Figure 24. Simple AR-SWG structures added on a diffractive optical surface were observed 

to induce high-intensity localization within the ARS layer for both incident polarization 

states. This is due to the confined superposition of incident and reflected wavefronts, which 

continue to propagate in the transmission and reflection directions, eventually forming the 

forward-diffracted orders and, incident-reflected destructive interference conditions 

respectively. The redistribution of the AR-grating features was observed to have distinct 

effects for each incident polarization state. In the case of incident TE polarization (Figure 

24(b)) the effect is equivalent to an optical impedance match, resulting in transparency of 

the diffractive boundary, without disturbing the baseline grating performance. For TM 

polarization (Figure 24(d)), since the polarization vector is in the plane of the AR-grating 

grooves, a bi-periodic intensity distribution is observed, indicating that there are two 

counteracting field distributions, responsible for the generation of destructive interference 

in the reflected direction and constructive superposition in the transmitted direction. For 

both polarization cases, Fresnel reflectivity was suppressed and directional transmission is 

unaltered in intensity distribution, with an enhancment in total value. We note that there is 

no strict subwavelength scale criterion satisfied for cases of high-order Dammann ARSS, 

as they are very effective for k values as low as 14, which for our experiment is equivalent 

to a 571 nm periodic cell, and therefore in the wavelength-scale range. The long correlation 



47 

 

length ARSS fail to compete successfully, as for similar periodic scales they scatter 

strongly and have lower overall transmission enhancement. An underlying feature 

complexity indicator could possibly quantify the optical impedance matching process with 

some predictability. Such scale transition studies could bridge understanding of random 

ARSS, which have multi-periodic features and short surface autocorrelation lengths. 
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CHAPTER 3: INVETSIGATION OF THE OPTICAL PERFORMANCE 

OF ANTI-REFLECTION RANDOM NANO STRUCTURES ON 

DIFFRACTIVE ELEMENTS 

3.1 Introduction 

Chapter 2 presented the numerical investigation of the AR and scatter functionalities 

of the transitional-redistribution of phase nanostructures from anti-reflective periodic 

(ordered) SWG to a pseudo-randomized feature distribution on the surface. The goal was 

to examine the transverse surface feature distribution characteristics and their effects on 

the suppression of Fresnel reflectivity. The literature to date has numerous studies on 

fabrication and testing of the periodic, or random anti-reflective structures (rARSS) on 

optical flats, because of their straight forward and simpler optical characterization, while 

few studies are available on non-planar surfaces, such as lenses and binary diffractive 

gratings. Diffractive optical elements (DOE) such as spot arrays, beam shapers, controlled 

angle diffusers and diffractive Fresnel lens are optics with surface encoded information, 

usually generated by iterative optimization Fourier transform algorithms, that redistribute 

incident light irradiance to generate a desired pattern in the near or far field. DOE have 

Fresnel loses, and coating them with conformal or non-conformal thin film coatings is 

challenging due to their complicated surface topography. For a DOE to function as 

intended, the coating must be included in the original design specifications, further 

increasing design and implementation complexity. As mentioned in Chapter 1, recent 

studies on random anti-reflective structures (rARSS), show that an RF-driven reactive ion 

plasma can be used to fabricate rARSS on flat optical surfaces by etching them. The same 

technique can be applied to prefabricated phase optics such as lenses, micro lens arrays, 
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and near-wavelength scale gratings, with little to no perturbations in their respective 

performance [28-33]. Fabrication of rARSS to suppress the Fresnel reflections on DOE 

would expand the applications of random nanostructures as an AR treatment. 

Because this chapter focuses on the characterization of the optical performance of the 

rARSS on the multiple phase level deterministic phase diffusion DOE, it is important to 

thoroughly discuss any similar studies in the literature. While no studies where found on 

the application of periodic or random AR structures on multiphase level DOE, few studies 

on their applications as an AR treatment for phase optics such as lenses and binary gratings 

are available. In most studies for lenses, the data presented was SEM or atomic force 

microscope (AFM) images of subwavelength structures and their transmission and 

reflection spectra, comparing respective blanks processed with and without AR structured 

surfaces [54-56]. Few papers have given a detailed study on the optical performance and 

the effects of AR structured surfaces on lenses using Strehl ratio and aberrations 

calculations, focal spot profiles and imaging properties, demonstrating increased 

brightness because of reflection suppression [57-59]. For microscale binary gratings, few 

groups were successfully able to fabricate tapered conical shaped subwavelength structures 

on silicon substrates, reporting a significant suppression in reflections [42, 60].  

This chapter primarily focuses on characterizing the optical performance of the multi-

phase level pseudo-random fused silica DOE such as spot array generators, controlled 

angle diffusers, and diffractive Fresnel lens, with rARSS originally optimized for flat 

optical surfaces. To fully investigate the effects of rARSS on the complex phase profiles, 

four commercially available DOE with varying topographies and field of views were 

chosen. 
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Section 3.2 will present the results of fabrication of rARSS on both sides of fused silica 

DOE. The scanning electron micrographs along with confocal microscope images are 

presented to observe differences in the surface topography of DOE, before and after 

fabrication of rARSS. The top down images show the formation of the rARSS without 

perturbing the complex topographies of the DOE.  

Section 3.3 presents the characterization of the rARSS optical performance on DOE 

such as spot array generators and a controlled angle light diffuser. Since DOE act as 

deterministic scatterers, presence of nanoscale transverse AR structures can result in non-

deterministic scatter in the light projection direction. A detailed comparison of on-axis and 

off-axis angle resolved scatter signatures of the DOE, before and after addition of rARSS, 

in transmission and reflection are presented. The 633nm incident wavelength was along 

the normal to the DOE surface, and the light polarization state was perpendicular to the 

plane of detection (S-polarization.) 

Section 3.4 presents the characterization of the rARSS optical performance on a 

diffractive Fresnel lens, consisting of a segmented multilevel phase 3D-profile Fresnel 

zones. Since Fresnel lenses have increasing spatial frequencies from center to edge by 

design, they are sensitive to any surface perturbations that can affect their performance, 

such as changes in focal length and focal spot beam profiles, that may result from the 

subtractive fabrication process (etching) of rARSS. Moreover, as the Fresnel phase 

boundaries (zones) are designed for specific wavelength criteria, any surface phase-profile 

impact would be measurable in transmission and refection, especially if the components 

are tested at five different wavelengths (543nm, 594nm, 604nm, 612nm, 633nm), as 

presented herewith. 
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Section 3.5 presents the surface characterization of the rARSS fabricated on complex 

topographies of DOE from their respective scanning electron micrographs, in comparison 

to optical windows, using a granulometry technique. 

Section 3.6 presents the optical scatter measurements of the rARSS on optical windows 

and near wavelength binary gratings and their effects on their optical performance. 

Finally, Section 3.7 will summarize the results from the previous sections and draw 

final conclusions about the optical performance of DOE processed with rARSS. 

3.2 Fabrication of rARSS on Fused Silica Diffractive Optical Elements 

Four commercially available, fused silica substrate, uncoated, multiphase level DOE, 

were chosen to study the rARSS addition effects: three diffractive diffusers and a 

diffractive Fresnel lens of dimensions 1 cm x 1 cm. The DOE has different characteristic 

feature size-groupings and design complexity, from deep to shallow phase steps, and with 

narrow quasi-one-dimensional structures, as shown in Figure 25. The narrow-angle DOE 

(Figure 25 (a)) was designed to perform as a 2D spot array generator of 11x7 spots, with 

a narrow projection full-field of ±1º, with distinguishable deterministic scatter as a result 

of design optimization constraints and diffraction inefficiency within a field of view of 

±5º, excluded from the illumination region. The wide-angle DOE (Figure 25(b)) was 

designed to perform as a 1D spot array generator of 1x13 spots on a line, with a wide 

projected field angle of ±5º. The controlled angle DOE (Figure 25(c)) performs as an off-

axis segmented annulus projector, with distinguishable zeroth-order at the center of the 

projected field angle of ±5º.  
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Figure 25 : Top-down UV-confocal microscope images (on the left), and their respective far-filed 

illumination projection (to the right), of the three multi-phase diffractive optical elements. (a) Narrow-angle 

2D spot array diffuser, (b) Wide-angle 1D spot array diffuser and, (c) Controlled-angle diffuser. 

 

(a)

(b)

(c)



53 

 

The prefabricated DOE were immersed in ethanol for 10 minutes, followed by drying 

with flowing nitrogen gas. A magnetron driven sputtering deposition tool (AJA 1800-F) 

was used to deposit a thin discontinuous layer of Au (<20nm) on the backside of the DOE, 

and the substrate was etched using an STS Advanced Oxide Etcher (AOE). The AOE 

reactive ion plasma gas mixture had a 50sccm flow rate of sulfur-hexafluoride (SF6) and 

5sccm flow rate of oxygen (O2), with the platen power at 60W, chamber pressure at 24mT, 

and chamber temperature at 20ºC. The process etch time was 25 minutes. All DOE, 

including a fused silica witness flat, were placed in the chamber together to minimize 

possible variations due to serial processing. The thin non-uniform layer of Au facilitates 

the initiation of the random etch process, and it is eventually removed by the ballistic 

action of the non-reactive molecular species bombardment throughout the process. The 

full process was repeated on the front side of the DOE, using the etching parameters 

identical to that of the back (flat) surface, in order to evaluate effects of rARSS and process 

induced topography changes without prior special optimization. 

 To inspect the fabricated rARSS performance, transmission spectra of the fused silica 

witness flat was measured. Figure 26 shows the measured transmission intensity spectra of 

the blank (unprocessed) and single-sided processed witness flat. An enhancement of 3-

3.5% was measured for a broad band of 0.55µm to 1.0µm wavelength range.  

  Scanning electron microscope (SEM) images of the post-processed DOE were taken using 

a RAITH150 scanning electron microscope. The top-down SEM images of the processed 

DOE show a uniform formation of rARSS on all phase levels, throughout the surface of 

the DOE, as shown in Figure 27 and 28. Fabrication of random nanostructures using AOE 

on the surface of the stepped phase topography did not show any detrimental effects on the 
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phase features, except the distortion of the side walls for the DOE. These side wall 

distortions observed for the DOE is because of the reactive plasma action, partially etching 

the sidewalls during the fabrication of nanostructures. Any alterations to the DOE 

transverse features sizes and longitudinal phase depth would result in a measurable 

variation of the designed projection patterns in transmission and reflection. Measurements 

of these perturbations can give insight into possible undesirable effects of the rARSS on 

the original DOE profiles.  

 

 

 
 

Figure 26 : Measured spectral transmission of a fused silica window before and after fabrication process of 

rARSS at normal angle of incidence for 0.3µm to 1.1µm. 
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Figure 27 : Top-down scanning electron micrographs (on the left) and UV-confocal microscope stereoscopic 

images (on the right) of the three multi-phase diffractive optical elements where rARSS have been added. 

The transverse boundaries are phase transitions between different phase levels which are populated by 

nanostructures. (a) Narrow-angle 2D spot array diffuser, (b) Wide-angle 1D spot array diffuser and, (c) 

Controlled-angle diffuser. 
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3.3 Performance of Diffractive Optical Elements with rARSS 

3.3.1 Introduction 

Projection of a specific illumination intensity pattern in the near, or far-field, can be 

achieved using diffractive optical elements. Such DOE are usually referred to as diffusive-

phase illuminators. The radiance pattern is designed by numerically optimizing the phase 

resulting from a transmitted wavefront, to induce a corresponding diffraction pattern at the 

desired distance from the optical element. The DOE design process consists of numerical 

optimization iterations of a candidate phase profile, and the comparison of the computed 

Fresnel (or Fourier) transforms from the profile with the desired intensity spatial 

 
 

Figure 28 : Top-down scanning UV-confocal microscope image (on the top) and Scanning electron 

micrographs (on the bottom) of the diffractive Fresnel lens, with added rARSS. (a) Stitched microscope 

image of unprocessed Fresnel lens from center to edge, (b) Center of Fresnel lens with rARSS and (c) Edge 

of Fresnel lens with rARSS.  

(a)

(b) (c)
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distribution. This numerical optimization process leads to an incremental diffusion to the 

desired optical phase distribution. There are numerous adaptive or error-reduction 

algorithms that have been shown to achieve different levels of fidelity for different desired 

patterns [61, 62].  

Sampling and quantization of the phase profile is restricted by fabrication methods, 

especially transverse-feature resolution (DOE-plane structure and sampling) and micro-

relief height (phase quantization). These restrictions lead to deviations from the designed 

(computed) profile and result in illumination pattern changes. Any implementation issues, 

due to the inability to achieve a specified phase profile from the fabrication process, further 

impact DOE performance. For a pre-fabricated DOE illumination diffuser, it is therefore 

imperative to preserve the lateral (x-y) and longitudinal (h) morphology of the surface 

through subsequent processing steps, such as AR thin-film coating deposition or, rARSS 

nano-structuring. Process-induced height deviations of the DOE profile affect the 

efficiency of the illumination distribution, whereas transverse feature erosion or dilation 

changes the radiance distribution. The later increases the undesirable non-deterministic 

scatter, where the former imbalances the intensity within the projected pattern. In general, 

the fabricated DOE phase profile 𝛷(𝑥𝑚, 𝑦𝑙 , ℎ𝑚𝑙) can have the form: 

 
𝛷(𝑥𝑚, 𝑦𝑙, ℎ𝑚𝑙) = [[�̅�(𝑥𝑚, 𝑦𝑙; 𝑝𝑥, 𝑝𝑦, ℎ𝑚𝑙)Π (

𝑥

𝑐𝑥
,

𝑦

𝑐𝑦
)] ∗

𝐼𝐼𝐼 (
𝑥

𝑐𝑥
,

𝑦

𝑐𝑦
)] (Π (

𝑥

𝑁𝑥𝑐𝑥
,

𝑦

𝑁𝑦𝑐𝑦
))  

(11) 

Where m, l are DOE xy-plane pixel indices, �̅�(𝑥𝑚, 𝑦𝑙, ℎ𝑚𝑙) is the pixelated quantized phase 

profile for a  pixel size 𝑝𝑥 𝑏𝑦 𝑝𝑦, Π(𝑥 𝑐𝑥⁄ , 𝑦 𝑐𝑦⁄ ) is the rectangular DOE region that defines 
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the phase unit cell, 𝐼𝐼𝐼(𝑥 𝑐𝑥⁄ , 𝑦 𝑐𝑦⁄ ) is the unit cell replication comb (tiling), 

Π(𝑥 𝑁𝑥𝑐𝑥⁄ , 𝑦 𝑁𝑦𝑐𝑦⁄ ) is the entire DOE window comprising of N-tiled unit cells, and the 

symbol * indicates the convolution operation. The far-field diffraction intensity pattern of 

such phase profile is: 
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(12) 

In equation 12 α, β are the planar diffraction angles measured from the DOE surface normal, 

�̅�(𝜉, 𝜓) is the Fourier transform of the DOE phase profile, λ the wavelength of the incident 

light, and sinc(z) is the conventional notation for the ratio of the trigonometric sine function 

to its argument: sin(z)/z. The diffraction intensity is expressed using angular variables to 

relate to directional scatter measured in spherical polar coordinates.  

Equation 12 restricts the relations between the physical size of the smallest phase pixel 

(px, py), the size of the unit cell (cx, cy), and the total spatial extent of the DOE (Nxcx, Nycy). 

For a DOE that generates an illumination array of spots, such as the narrow-angle 2D 

rectangular spot array shown in Figure 25(a), each spot has to be separated by one 

diffraction order at a minimum, in order to resolve the separation between the spots in the 

array. The diffraction order separation is controlled by the phase unit-cell sizes (cx, cy). The 

line-shape (point-spread function) of each diffraction order is determined by the total 
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number of cells repeated within the actively illuminated surface of the entire DOE (Nxcx, 

Nycy). This is readily shown in Figure 25(b), where 13-diffraction orders are distributed 

uniformly across a ±5° cone, each having a full-width line-shape of about 0.5°. Lastly, 

diffraction from each phase pixel (px, py) will result in the bounding envelop of the angularly 

distributed intensity. In order to suppress the duplicated diffraction patterns arising from the 

tiling of the unit-cell, the first null of the diffraction envelop is chosen at or near the 

boundary of the full diffraction cone. The subsidiary peaks of the point-spread function of 

the phase pixel dimensions scale the duplicate diffraction patterns. As expected, the relation 

between the DOE scales is: p<c<Nc, and the diffracted angular separation relations are 

reciprocal: p-1>c-1>(Nc) -1. Any disturbance or perturbation of the scale relations mentioned 

above will result in parasitic orders between the desired choices, or possible reduction of 

the original efficiency for each order. Etching the DOE existing profile to induce the rARSS 

nanoscale distribution should not have such undesirable effects. If we consider that the 

rARSS feature scales could be less than px, py by at least an average factor of 100, the 

nanostructures can at an extreme case induce a non-deterministic scattered re-distribution 

of the projected intensity (halo), that will reduce the transmission contrast performance of 

the DOE. We note that Fresnel reflection will induce the same diffraction pattern, although 

much less intense, which will travel to the back surface of the substrate, where upon a 

second reflection it will return to the DOE surface and multiplex the transmitted pattern. 
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3.3.2 Experimental setup 

To fully characterize the performance of the DOE, unlike simpler diffractive optics such 

as gratings with multiple diffraction orders, one cannot measure all the propagating orders 

individually and deduce the effects of rARSS fabrication. To measure the variations in the 

performance of the DOE, a scatterometer (CASI®, Schmitt Industries Inc.) was used. The 

schematic of the testing layout is shown in Figure 29 [46]. The scatterometer uses a He:Ne  

(633nm) laser source, with an adjustable sample mount for variable AOI, and a motorized 

detector arm capable of full field scans in transmission and reflection. The instrument is 

capable of measurements at TE, TM, and cross polarization settings, and is equipped with 

focusing optics and detector varying apertures, calibrated to measure high-resolution scans 

with a dynamic range of over 8-orders in magnitude. The polarization detection states are 

defined with respect to the plane of detection. The large dynamic range of the scatterometer 

 
 

Figure 29 : CASI scatterometer layout. Light from the laser source is directed towards the sample, which is 

located at the center of the rotating arm apparatus, with the detector scanning over the equatorial plane of the 

unit sphere. HWP is a half-wave plate, LP is the linear polarizer incidence selector, DDS is the deterministic 

design spot angular range, NDDS is near design deterministic scatter angular region and WADS is wide-

angle deterministic scatter angular region. 
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results in high-value measure of integrated scatter, which will be discussed in the coming 

sections. The bidirectional scatter distribution function (BSDF) is defined as a differential 

ratio of measured radiance to incident irradiance in units of inverse steradians (sr-1) as: 

 𝐵𝑆𝐷𝐹 ≡
𝑑𝐿𝑐(𝜃𝑐, φ𝑐; 𝜃𝑖 , φ𝑖) 

𝑑𝐸𝑖(𝜃𝑖 , φ𝑖)
 ≈  

𝑃𝑐/∆𝛺𝑐

𝑃𝑖 𝑐𝑜𝑠𝜃𝑐
 (13) 

Where 𝑑𝐿𝑐, 𝑑𝐸𝑖   define the collected differential radiance and incident irradiance; 𝑃𝑐, 𝑃𝑖 are 

the radiant power (from the surface) and incident power on the scattering surface 

respectively. The angular variables 𝜃𝑐, φ𝑐, 𝜃𝑖 , φ𝑖 correspond to the scattered and incident 

angles, and ∆𝛺𝑐 is the solid angle of collection subtended by the detector’s aperture. 

The DOE were tested at normal AOI, as per their application specifications, and since 

no polarization sensitive behavior was observed (Figure 30), all measurements were 

limited to the S-polarization state.  

 
 

Figure 30 : CASI scatter measurement (BSDF) of the narrow-angle diffuser (2D spot array illumination 

pattern) for a limited angle (±5º) along the equatorial axis of transmission of the DOE. (Blue) S-polarized 

and (Red) P-polarized states. 
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3.3.3 Transmission and Reflection Measurements 

To verify the suppression of Fresnel reflectivity by the addition of rARSS, scatter 

signatures of the un-processed and rARSS-processed DOE were measured in transmission 

and reflection. Summing the total transmission and reflection scatter distribution for angles 

of collection (AOC) off the deterministic projection field of view, is equivalent to the total 

integrated scatter. The results indicate an overall transmission enhancement and reflection 

suppression for all the DOE types tested, whereas no significant transmission enhancement 

was measured along the deterministic projection field of view. In conjunction, because the 

cross-sectional feature sizes of the nanostructures are 10 to 15 times smaller than the test 

wavelength, no distinguishable redistributed scatter was observed in the off-specular 

deterministic directions, with the scatter signatures being nearly identical for unprocessed 

and processed DOE. 

A perfectly matched AR coating (PAR) on both surfaces of a fused silica optical 

window can yield a relative transmission of (1/0.93 ≈ 1.075) and relative reflectivity of 

(0/0.07 ≈ 0) at 633nm wavelength. To compare the measured transmission and reflection 

of the unprocessed and rARSS-processed DOE, the data was segregated in three parts: a) 

the deterministic design region (DDS) for an AOC range of -1º ≤ θ ≤ +1º; b) the near-angle 

deterministic scatter (NDDS) for an AOC range of -5º ≤ θ ≤ -1º and +1º ≤ θ ≤ +5º (excluding 

the design angular region); and c) the wide-angle deterministic scatter region (WADS) for 

an AOC range of -65º ≤ θ ≤ -5º and +5º ≤ θ ≤ +65º, excluding both previous scatter angular 

regions. These regions are illustrated as shaded in Figure 29. 
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Table 1 lists the angle-integrated normalized transmission of unprocessed and processed  

DOE, and the relative transmission enhancement defined as the ratio of processed over 

Table 1. Integrated transmission scatter intensity for the original diffusers (Blank) 

and the rARSS post-fabrication diffusers in design (DDS) and near design specular 

(NDDS) AOC.   

DOE                    DDS                   NDDS 

  Blank    

(sr-1) 

rARSS       

(sr-1) 

Enhancement 

Fraction 

 Blank     

(sr-1) 

rARSS     

(sr-1) 

Enhancement 

Fraction 

A  4.71 (105) 5.00(105) 1.06  3.50(103) 3.26(103) 0.918 

B  4.35(105) 3.74(105) 0.86  - - - 

C  3.80(104) 6.66(104) 1.74  4.70(103) 4.20(103) 0.885 

 
 

Figure 31 : CASI scatter measurement (BSDF) of the narrow-angle diffuser (2D spot array illumination 

pattern on the right). (a) Full-polar plot of tested DOE. The DOE to be tested is located at the center of circle. 

The incident light direction is shown with a dark arrow. (b) Limited angle (±5º) along the equatorial axis of 

transmission of the DOE, (c) Measured transmission excluding the ±5º values. (d) Measured reflection 

excluding the ±5º values. The ±5º FOV (DDS+NDDS region), indicated as a shaded band region here, has 

been removed from the plots (c) and (d) for clarity. 
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unprocessed angle-integrated transmission within the DDS and NDDS regions. The three 

tested DOE are listed as samples: A for the narrow-angle 2D spot array, B for the wide-

angle 1D spot array and, C for the controlled angle diffuser. They show disparate results 

with a slight enhancement in transmission for A in DDS and loss in NDDS region  as shown 

in Figure 31, while for B a loss was observed in DDS and NDDS region as shown in Figure 

32. For C a disproportionate enhancement for the zeroth order in DDS and loss in NDDS 

region were measured, shown in Figure 33. 

 

 
 

Figure 32 : CASI scatter measurement (BSDF) of the wide-angle diffuser (1D spot array illumination pattern 

on the right). (a) Full-polar plot of tested DOE. The DOE to be tested is located at the center of circle. The 

incident light direction is shown with a dark arrow. (b) limited angle (±5º) along the equatorial axis of 

transmission of the DOE, (c) Measured transmission excluding the ±5º values. (d) Measured reflection 

excluding the ±5º values. The ±5º FOV (DDS+NDDS region), indicated as a shaded band region, has been 

removed from the plots (c) and (d) for clarity. 
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Table 2 lists the angle-integrated normalized transmission and reflection, and relative 

transmission enhancement and reflection suppression for the unprocessed and processed 

WADS region. Unlike the DDS and NDDS regions, a clear enhancement in transmission 

and suppression in reflection was measured for all DOE. For the 2D spot array (A) and 1D 

spot array (B), almost half an order of magnitude in transmission enhancement was 

observed, compared to the controlled angle diffuser (C) which is only a quarter of an order 

in magnitude. In reflection, a consistent suppression of an order of magnitude was 

measured in all cases. The deviation in results for the WADS compared to DDS and NDDS 

regions could be attributed to phase depth errors due to the subtractive nature of the etching 

process employed for the fabrication of rARSS on the surface of DOE, and not due to the 

presence of rARSS. 

Table 2. Integrated transmission and reflection scatter intensity for the original 

diffusers (Blank) and the rARSS post-fabrication diffusers in wide-angle 

deterministic scatter (WADS) AOC. 

DOE                   Transmission                  Reflection 

  Blank    

(sr-1) 

rARSS       

(sr-1) 

Enhancement 

Fraction 

 Blank     

(sr-1) 

rARSS     

(sr-1) 

Suppression 

Fraction 

A  90.0 1.27(102) 1.47  6.90 1.42   0.204 

B  5.70(103) 1.02(104) 1.78  2.40(103) 3.55(102)   0.147 

C  51.0 65.0 1.28  12.0 1.40   0.115 

To compare rARSS effects in transmission and reflection of the deterministic radiance 

profiles, scatter scans measured pre- and post-etch are shown in the Figures 31, 32 and 33 

for the entire equatorial plane. Low radiance angular replicas were detected for all DOE, 

due to their respective periodic unit cells. It is evident from the polar plots of the DOE scatter 

signatures that the addition of rARSS has not perturbed the wide-angle deterministic scatter, 
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and the periodic replicas, which are non-zero due to the finite numerical optimization 

residuals, are clearly distinguishable at wide angles of collection. In Figure 31(b) the 

narrow-angle 2D spot array radiance within the designed axial deflection angle ±1º, displays 

no major deviations in uniformity, contrast and spot sizes, between before and after the 

nanostructures addition. In contrast, the wide-angle spot array as shown in Figure 32(b), 

which has diffractive feature sizes and sharp phase transitions compared to the narrow-angle 

diffuser, effects show significant effects of non-uniformity and increased contrast after 

 
 

Figure 33 : CASI scatter measurement (BSDF) of controlled-angle diffuser (illumination pattern on the right). 

(a) Full-polar plot of tested DOE. The DOE to be tested is located at the center of circle. The incident light 

direction is shown with a dark arrow. (b) limited angle (±5º) along the equatorial axis of transmission of the 

DOE, (c) Measured transmission excluding the ±5º values. (d) Measured reflection excluding the ±5º values. 

The ±5º FOV (DDS+NDDS region), indicated as a shaded band region, has been removed from the plots (c) 

and (d) for clarity. 
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rARSS addition, for all projected spots, even though the transverse spot sizes have remained 

unperturbed. 

At large angles of collection, rARSS enhanced wide-angle diffuser (B) is not as effective 

in suppressing reflection, compared to the narrow angle diffuser (A) as shown in Figure 

31(d) and 32(d). The controlled angle diffuser (C) has a more complex topographic phase 

profile compared to the other two DOE (Figure 25), and its transverse feature size 

dimensions are smaller than the features of A, but larger than the features in B. For C, the 

measured reflection and transmission at wide-angles of collection has similar performance 

between the original and rARSS-inclusive element to that of A and B (Figure 33(c), 33(d)). 

A considerable increase in the 0th-diffraction order intensity was measured for the 

controlled angle diffuser post-rARSS addition, which indicates an overall DOE phase 

imbalance, due to post-etching perturbations of the relative depths of the DOE surface 

(Figure 33(b)). 

3.4 rARSS Enhanced Diffractive Fresnel Lens 

3.4.1 Introduction 

Diffractive phase Fresnel lenses, unlike the computer-generated DOE discussed in the 

previous section, are a form of spherical-phase inducing elements, which are segmented into 

zones of quadratic-scale grating periods, increasing the spatial frequencies of the features, 

from center-to-edge with each zone modulating the incident wavefront by a phase shift of 

2π, as shown in the Figure 34. The Diffractive phase Fresnel lens zones are rotationally 
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symmetric, with the annual radius (𝑟𝑚.𝑔) of any number of phase steps in a specific zone 

given in the small-angle approximation as: 

 𝑟𝑚.𝑔 = [2𝜆𝑓(𝑚 − 1 + 𝑔/𝐿)]1/2 (14) 

Where 𝑚 is the index of zone number, 𝑔 is the phase step index number varying from 𝑔 =

0 (for inner radius of the zone) to 𝑔 = 𝐿 (outer radius of the zone), 𝜆 is the incident light 

wavelength and 𝑓 is the focal length. 

Process-induced deviations, due to fabrication of rARSS on the transverse higher 

spatial frequency features of the Fresnel lens profile, can impact the spot size of the focused 

beam, while deviations in the height of the features can affect the efficiency of the 

illumination distribution for the designed wavelength. In general, the Fresnel lens phase 

profile is represented as a Fourier series and its far field intensity distribution is given as: 

 
 

Figure 34 : Graphical depiction of transmitted light distribution through a diffractive Fresnel lens. S is the 

source, 𝑓1 is the primary focal point and 𝑓2 and 𝑓3 are the secondary and tertiary focal points. 
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3.4.2 Experimental setup 

To test the Fresnel lens, an experimental setup shown in the Figure 35 was used. The 

experimental setup consists of multiwavelength He-Ne laser source, which is passed 

through a pair of half-wave plate and linear polarizer to control the polarization of the input 

beam. The beam is further passed through a beam expander to produce an expanded beam 

of uniform intensity, which is incident on the Fresnel lens at normal angle of incidence. A 

standard silicon photodetector (S120C THORLABS) was used to measure the transmission 

and reflection intensities, and a CCD detector (BC-106N-VIS) to measure the beam 

profiles at the front and back focal spots.  

 
 

Figure 35 : Layout of the optical setup used to measure efficiency of the diffractive Fresnel lens at various 

incident wavelengths. Polarization of the incident light is controlled by a pair of Half-wave plate (HWP) and 

linear polarizer (LP), and a beam splitter (BS) was used for reflection measurements. 
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The diffractive Fresnel lens tested was designed and fabricated for an incident 

wavelength of 633nm. Certain performance characteristics of Fresnel lens are wavelength 

dependent, such as the principal focal point difference (𝜆𝑓 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡). These 

characteristics separate diffractive Fresnel lens wavelength sensitivity from the diffractive 

diffuser wavelength efficiency, as shown earlier in this study. Any variations in the 

transverse spatial frequencies of the phase Fresnel lens, because of rARSS fabrication 

would result in inconsistencies for the above-mentioned relation, and can be verified 

through focal distance measurements pre- and post-fabrication of rARSS. 

Table 3. Measured focal point distances of the diffractive Fresnel lens pre- and post-

fabrication of rARSS at multiple incident wavelengths (543nm, 594nm, 604nm. 

612nm, 633nm) and normal angle of incidence. 

Wavelength 

(nm) 

 Focal point distances 

Pre-fabrication (cm) Post-fabrication (cm) 

543  5.91 5.91 

594  5.46 5.46 

604  5.36 5.36 

612  5.26 5.26 

633  5.11 5.11 

Table 3 lists the focal length measurements at various wavelengths pre- and post- 

rARSS fabrication. Since the phase Fresnel lens is rotationally symmetric, the focal lengths 

were measured for both S and P polarizations and averaged. The experimental 

measurements show no deviations post fabrication, confirming the high spatial frequency 

regions of the lens have remained unaffected, similar to the DOE shown in Figure 28.  
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3.4.2 Transmission, Reflection and Beam Profile measurements 

To verify the suppression of Fresnel reflections because of rARSS presence, the 

reflected efficiency of the phase Fresnel lens was measured pre- and post-fabrication, for 

both polarizations (S and P) and averaged. The measured transmission and reflected 

efficiency of the original and the rARSS enhanced Fresnel lens are shown in the Table 4. 

A significant suppression in reflection, on an average of about half-an-order of magnitude 

was observed for the rARSS enhanced diffractive Fresnel lens at all measured wavelengths. 

However, no quantifiable enhancement was observed in transmission for the measured 

wavelengths. These observations are consistent to the DOE measurements presented in the 

previous section, where a minimum loss with a relative transmission of 0.911 was observed 

for 633nm and maximum loss with a relative transmission of 0.857 was observed for 

543nm. While the experimental measurements have shown the fabrication of rARSS on 

the Fresnel lens have not affected the transverse spatial frequencies in the Fresnel zones, 

the drop in the efficiency of the lenses in transmission could be a result of phase depth 

mismatches similar to what was observed for the phase diffusing DOE. 

Table 4. Transmission and reflection intensity measurement for the original 

(Blank) and the rARSS post-fabrication Fresnel lens at normal angle of incidence. 

Wavelength 

 (nm) 
 Transmission   Reflection  

  Blank 

(mW) 

rARSS 

(mW) 

Enhancement 

Fraction 
 
Blank 

(µW) 

rARSS 

(µW) 

Suppression 

Fraction 

543  86.45 74.16 0.857  25.4 5.29  0.212 

594  85.27 74.62 0.875  81.8 18.3  0.224 

604  85.43 75.49 0.883  73.6 13.13  0.178 

612  87.11 76.17 0.874  129.5 19.6  0.151 

633  84.97 77.46 0.911  186 31.9  0.172 



72 

 

  

 
 

Figure 36 : Measured cross-sectional beam profile of the diffractive Fresnel lens, for five wavelengths at 

their respective focal points. Solid lines indicate unprocessed and circle markers indicate rARSS processed 

measurements. 
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To analyze any variations in the performance of the multi-phase level diffractive 

Fresnel lens due to the presence of rARSS, Beam profiles of the lenses at the focal spots 

were measured for the original and rARSS enhanced lens, using a CCD camera beam 

profiler (BC106N by THORLABS). A beam expander was used to produce an expanded 

beam of uniform intensity which was incident on the lens, and the beam profiles were 

measured for 5 different wavelengths at their respective primary focal lengths as shown in 

Figure 36. No differences in the beam profiles were observed for all the incident 

wavelengths for rARSS processed lens in comparison to the original performance of the 

lens. 

3.5 rARSS Granulometry 

Measurements post-fabrication of rARSS on the DOE compared to the unprocessed 

originals show some changes in their performance. To investigate further, granulometry 

was employed to study the distributions of the rARSS nanostructure transverse cross-

sectional scales. Since the structures have small cross-sectional dimensions, mechanical 

contact profile and microscope measurements cannot resolve their structure. 

Granulometry, a numerical processing technique was used to identify the boundaries and 

define scaled structure elements from SEM images [43]. Top-down high-resolution SEM 

micrographs were obtained to calculate the normalized granule pattern spectra 𝜑(𝑘), for 

both islands and voids of diameter 𝑘. The granule pattern spectra correspond to the discrete 

probability distribution function of the respective feature size bound by the condition: 

 𝜑𝑖𝑠𝑙𝑎𝑛𝑑𝑠(𝑘) + 𝜑𝑣𝑜𝑖𝑑𝑠(𝑘)  ≤ 1 (15) 
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The equality is true only for 𝑘 = ∞, i.e., when all the feature diameters are counted, 

and a balance of the islands and voids is obtained for each SEM image. The DOE tested 

have by design varying topographies and 3D-feature sizes, independent of the 

nanostructures. To verify the effects of the surface topography on the rARSS fabrication 

process, we counted the discrete probability distribution of rARSS cross-sectional-size 

populations on the witness flats and all the DOE’s using sampled SEM images. The 

measured histograms, shown in Figure 37, show similar island distributions across all  

 
 

Figure 37 : Distributed histograms of the islands (black) and voids (grey) measured from SEM images using 

granulometry. (a) Narrow angle diffuser (2D Spot array A), (b) Wide-angle diffuser (1D Spot array B),           

(c) Controlled angle diffuser (C), (d) Diffractive Fresnel lens and (e) Witness fused silica optical window. 
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DOE, with feature size mean values of about 45nm. The distributed histograms of voids 

were observed to be segregated into two groups, with similar distributions for narrow and 

wide-angle diffuser surfaces, and the controlled angle diffuser and diffractive Fresnel lens 

populations. A significant deviation of the void-size peak value was detected for the 

controlled angle diffuser and Fresnel lens (45nm), when compared to the flat witness or 

the other two DOE, with a corresponding void peak value of 29nm. The measured 

cumulative distribution of the islands for the witness, narrow-angle diffuser and wide-angle 

diffuser was calculated to be approximately 51%, whereas for the controlled angle diffuser 

and Fresnel lens is 40%, indicating differences in the density of the nanostructures 

fabricated on the surface. The variations in the distributed histograms and cumulative 

distributions of rARSS signify differences in the fabrication process equilibrium as a 

function of the DOE existing phase-surface topography.  

3.6 Optical Scatter characterization of rARSS 

3.6.1 Optical Flats 

Anti-reflective structured surfaces although suppress Fresnel reflections, are inherently 

rough compared to optical quality thin film coatings. While absence of the non-

deterministic scatter due to the rARSS on the DOE was observed in the previous sections, 

a study to understand the scatter effects due to the presence of rARSS is important for their 

applications as an effective AR treatment. Optical roughness and the effect on incident 

radiation has been an area of interest for many years, and several studies have been 

conducted to understand any potential detrimental effects. Traditionally surface features 
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have been classified by their spatial frequency content: low-spatial frequency structures 

referred to as figure errors, result in the redistribution of the energy within the paraxial 

regions causing blurring of the image core; while high-spatial frequency structures, 

referred to as finish errors, tend to scatter energy from the paraxial region to wide angles, 

resulting in loss of contrast. Mid spatial frequencies structures fall in between figure and 

finish errors referred to as mid spatial frequency errors [46, 63-65]. 

To study the scatter characteristics of rARSS, BSDF measurements of the fabricated 

rARSS on fused silica optical windows was measured, for the full equatorial field of view 

at various AOI. The result show that the sub-wavelength AR structure random distributions 

induce a continuous and uniform distribution of energy for higher angles of collection, 

when compared to the measurements from fused silica optical blank windows. The BSDF 

was found to be shift-invariant with respect to the angle of incidence as shown in Figure 

38. Since the measured samples where optimized to have high transmission at the measured 

 
 

Figure 38 : Bidirectional distribution function (BSDF) measurements at 633nm wavelength. (Left) Optical 

flat with and without sub-wavelength structures for various angles of incidence and, (Right) shift-invariance 

relation of the BSDF as a function of the angle of incidence.    

 



77 

 

wavelength, the measured wide-angle scatter was observed to have high contrast, lower by 

9-orders in magnitude compared to the axial transmission value. This high contrast masked 

any effects on the diffractive diffusers with the complicated illumination patters.  

Simulations of propagating diffraction intensity angular spectra for the Dammann 

gratings show that increasing complexity of the nanofeature distributions improve AR 

performance, and seem to channel energy into the axial diffraction order. Additionally, the 

intensity diffracted intensity in the higher orders is detected as uniform, as shown in the 

Figure 39. These results align with the BSDF measurements of the highly transmissive 

rARSS samples, indicating cooperative scattering properties of the high spatial frequency 

 
 

Figure 39 : Cross-Sectional view of 1-dimensional, normalized 𝑁-order Dammann binary-phase grating 

profiles, within their periodic unit cell 𝑝𝑥, along with their corresponding far-field intensity pattern for fused 

silica substrate in log-scale. (Left column): Odd-order Dammann gratings with volume fractions comparable 

to 𝑓(𝑇𝐸) requirements. (Right column): Even-order Dammann gratings with volume fractions comparable 

𝑓(𝑇𝑀)to requirements. The last entry is a reversed-tone grating to match TM conditions. 
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rARSS, unlike the non-cooperative scattering resulting in loss of energy from the core 

(axial-orders) to higher collection angles (higher prorogating orders). 

3.6.2 Near wavelength gratings 

Results from the previous section show that the presence of rARSS on fused silica 

optical windows results in reduced uniform scatter at higher angles of collection. Although 

the scatter effects observed due to the presence of rARSS on the optical windows were 

minor, it is important to study the effects of rARSS on segmented phase profiles as well. 

The BSDF of two commercially available, near-wavelength period (1.595µm and 

1.166µm) gratings was measured, pre- and post-fabrication of rARSS using the 

scatterometer. The scans are shown in Figure 29, for normal incidence, 1st Bragg and 2nd 

Bragg AOI in transmission and reflection. The binary gratings were chosen because their 

near-wavelength periodicity generates a limited number of propagating orders. Due to 

larger angular separations between the orders at the far-field, all the propagating diffraction 

order intensity angular distributions can be approximated with a spectrum of independent 

plane waves, ignoring the cross-coupling terms between them. 

The measured scatter distribution of the near wavelength gratings was observed to 

match the previously reported intensity suppression and enhancement for propagating 

orders in reflection and transmission for all the angles of incidence. Comparing the results 

for both gratings, at all angles of incidence conditions, some similarities in scatter 

distributions were observed in transmission and reflection as shown in Figure 40 and 41 

[66]. The “blank” grating (without r  SS) measurements show order separation by  
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Figure 40 : Bi-directional distribution function (BSDF) measurements normalized to total energy for the 

1.166µm period gratings for transmission (left) and reflection (right) represented in logarithmic scales, where 

the Blank grating represented in blue, the rARSS processed grating is represented in red at various angle of 

incidences. (a) and (b) normal AOI, (c) and (d) 1st Bragg AOI and (e) and (f) 2nd Bragg AOI.      

 

(a) (b)

(c) (d)

(e) (f)
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Figure 41 : Bi-directional distribution function (BSDF) measurements normalized to total energy for the 

1.595µm period gratings for transmission (left) and reflection (right) represented in logarithmic scales, where 

the Blank grating represented in blue, the rARSS processed grating is represented in red at various angle of 

incidences. (a) and (b) normal AOI, (c) and (d) 1st Bragg AOI and (e) and (f) 2nd Bragg AOI.      

(a) (b)

(c) (d)

(e) (f)
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regions of low intensity, ranging from 10-8 to 10-9 in magnitude for transmission, and 10-9 

to 10-10 in magnitude in reflection. These regions were observed to have concave radiance 

spatial distributions, with fine peak structures with considerable contrast to the underlying 

background, anchored to either side of the propagating diffraction orders. The structured 

peaks observed between diffraction orders are because of Fresnel induced reflection 

feedback of the propagating orders from the grating’s surface to the planar surface 

(backside) and back. The contrast of the back reflections was seen to be stronger for the 

larger period grating (1.595µm), for all angles of incidence compared to smaller period 

grating (1.166µm). The rARSS-processed gratings show an intensity homogenization 

within the angular regions in between the orders of about 10-8 and 10-9 in magnitude for 

transmission and reflection, similar to what was observed for optical windows with rARSS 

at higher angles of collection, and result in considerable reduction of contrast between the 

structured intensity peaks and the diffracted orders, because of feedback from the front and 

back surfaces. This intensity homogenization is a direct consequence of convolution of 

scatter characteristics of rARSS with the binary gratings, and can be estimated from the 

optical fused silica window measurements. Even though the added non-deterministic 

scatter caused by the rARSS into the optical system is minimal, care needs to be taken for 

imaging applications, which can be sensitive to multiple scatter between cascaded 

elements. 

3.7 Conclusions 

The performance of random antireflective subwavelength surface structures fabricated 

on the three diffractive diffusers was characterized using a scatterometer. The phase 
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Fresnel lens enhancement was determined using a beam profiler and power measurements 

in transmission and reflection. The rARSS were fabricated on these optical components 

using a two-step process, with an initial masking step followed by reactive ion plasma 

etching. The measured bidirectional scatter distribution function of the rARSS enhanced 

DOE show similar signatures compared to unprocessed DOE of the same design, with 

individual periodic replicas and off-target design deterministic scatter remaining unaltered 

by the presence of the nanostructures.  

The measured integrated wide-angle deterministic scatter intensities for the three 

diffractive diffusers with rARSS show an order of magnitude suppression in reflectivity 

compared to the original performance. The integrated deterministic design spot 

transmission scatter intensity measurement shows an enhancement for the narrow angle 

and controlled angle diffuser, while a loss results for the wide-angle diffuser post-

fabrication. A consistent enhancement in wide angle deterministic scatter intensities was 

observed for all diffusers. Due to the measured disparities, in transmission enhancement 

and reflectivity suppression for wide-angle deterministic scatter, compared to the 

deterministic design spot and near design deterministic scatter, the scatter was analyzed for 

any detectable diffuse light presence due to the rARSS addition. For the designed 

illumination patterns, the diffuser with large-size spatial features (such as the narrow-angle 

diffuser 2D spot array A) show no deviations in performance, whereas the wide-angle 

diffuser (1D spot array B) shows an increase in non-uniformity. Significant increase in the 

on axis 0th-diffraction order was observed for the controlled angle diffuser C. Even though 

differences in the design illumination pattern were observed, no distinguishable non-

deterministic scatter was observed, with the design target spot sizes and contrast of the 
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illumination spots and radiance copies remaining unperturbed. The diffractive Fresnel lens 

shows similar trends in transmission and reflection, comparing the pre- and post-

fabrication rARSS results. A suppression in reflection of about half-an-order of magnitude 

and loss in transmission for all the measured wavelengths was observed. The beam profiles 

for the measured wavelengths, at their respective focal points, have remained unchanged 

with no observable deviations in intensity distributions. These results suggest that 

variations in the performance of the four DOE tested post-rARSS fabrication, are due to 

relative phase depth erosion caused by the etching process. 

The performance deviations between the four phase diffusing DOE tested, appears to 

be affected by their dissimilar surface topography interaction with the formation of the 

rARSS. Granulometry was applied to measure the nanostructure population distributions 

on each DOE. The distributed population histograms of the islands on various DOE 

surfaces showed no significant deviations when compared to rARSS fabricated on the 

witness optical window. The observed differences in the cumulative granule distributions 

of islands and voids imply dependence of the rARSS formation on the phase surface 

topography. Even though large differences were not observed in the distributed feature 

histograms, a noticeable difference in the average lateral feature size of voids on control 

the angle diffuser and Fresnel lens was measured compared to other phase diffusing DOE. 

To fully characterize the scatter properties of rARSS, the bidirectional scattering 

distribution function of optical quality windows, and near-wavelength period gratings was 

also measured. Although non-deterministic scatter was not observed for rARSS fabricated 

on DOE, a uniform scatter intensity of about an order-of-magnitude increase was observed 

for both optical windows and gratings with rARSS compared to the originals. The 
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measured non-deterministic scatter because of rARSS was found to be negligible and did 

not affect the optical performance of under underlying optical element they are applied on.  

 The results presented in this chapter suggest that the rARSS fabrication process 

designed for an optically flat substrate is transferable to a variety of existing DOE with 

complex topographies, successfully suppressing Fresnel reflections without compromising 

their original functionality. A 10-6 measurable increase in angular scatter per steradian 

results at off-design directions. 
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CHAPTER 4: CONCLUSIONS 

 4.1 Numerical study of feature-distribution effects for anti-reflection structured surfaces 

on binary gratings 

In this work, the effects of transverse feature distributions of the ARSS on their anti-

reflective performance were investigated. A 50% duty cycle baseline binary-phase grating 

was used as the platform for the AR nanostructures in the numerical experiment. For the 

study, ordered ARSS and pseudo-randomly distributed ARSS (Dammann grating profiles) 

were used as transmission enhancers, and were categorized using their surface feature 

autocorrelation length. The ordered and re-distributed features within the periodic unit cell 

of the ARSS had comparable fill fractions, guided by EMT design requirements. The depth 

of ARSS was restricted to a quarter-wave of the incident wavelength at normal angle of 

incidence, to analyze the effects due to the feature distributions independent of other 

parameters. The goal was to show if the AR narrow-band performance of the baseline 

grating was perturbed by the presence of the ARSS.    

The results from the numerical experiment show that ARSS with distributed features 

can result in suppression of Fresnel reflections, with excellent AR performance, as their 

unit cell periods are reduced from near-wavelength to subwavelength scales. Perturbation 

effects on the directed transmission power distribution and an increase in scatter resulted 

because of cross-coupling between the ARSS and the binary baseline grating. This effect 

was very prominent for trials of single phase-transition AR-SWG with large correlation 

lengths. In contrast, deterministically re-distributed feature AR-gratings with shorter 

correlation lengths, were observed to preserve the baseline grating directed transmitted 

power distributions and had reduced scatter.    
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Cooperative scattering along the axial direction from the AR-grating profiles, 

effectively reduces the electromagnetic impedance discontinuity at the optical boundary, 

with direct correlation to feature distributions. This is shown by the performance of high 

rank Dammann AR-gratings with shorter correlation lengths, resulting in more stable and 

consistent results. The cooperative scattering effect was observed to be supported by 

wavefront simulations using rigorous coupled wave analysis. The wavefront simulations 

near the optical surface showed high intensity localization for single phase transition 

periodic AR-gratings, because of the superposition of transmitted and reflected waves at 

the boundary for both polarization states. However, re-distributed features within a spatial 

period of ARSS were able to delocalize the energy without perturbing the baseline grating 

performance because of better impedance match. 

In conclusion, ARSS with complicated re-distributed features within their periodic unit 

cells, and shorter autocorrelation lengths, show better overall anti-reflective performance 

compared to simple feature distributions with comparable effective permittivity values 

within the AR-layer.  

4.2 Investigation of the optical performance of anti-reflection random nanostructures on 

diffractive optical elements  

The rARSS fabrication process optimized for fused silica windows was applied to 

prefabricated phase-diffusing diffractive optical elements (DOE), to test if it can be 

transferable without optimization, and act as effective anti-reflection treatment for 

segmented three-dimensional-phase surface topographies. For this study four different 

DOE were chosen, a 2D spot array generator, a 1D spot array generator, a controlled angle 
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illumination diffuser and a diffractive lens with varying surface feature sizes and 

distributions. The rARSS were fabricated on the surface of the DOE using a two-step 

process, firstly a discontinuous layer of gold was deposited which acted as a seed layer to 

initiate the random etch, followed by dry reactive-ion etching of the substrate under a 

directional RF field. The measured top-down SEM micrographs verified the formation of 

rARSS on all-phase levels of the DOE, without modifying their surface phase topography 

because of the subtractive fabrication process. 

The DOE spot-array generators and the controlled-angle diffuser were tested using a 

scatterometer at 633nm, over the entire equatorial plane of transmission. Deviations from 

their original design projection pattern due to the presence of rARSS were measured. The 

measured integrated wide-angle deterministic scatter intensities for the three DOE showed 

an order of magnitude in suppression of reflectivity, and half-an-order of magnitude in 

enhancement in the transmission half-space. In contrast to wide-angle deterministic scatter 

for transmission, a discrepancy was observed in the measured deterministic design spot 

scatter. A decrease in intensity was noted for the 1D spot array while an enhancement in 

transmission was seen for the 2D spot array and controlled angle diffuser.    

Since the observed suppression in reflectivity did not result in an equivalent 

transmission enhancement, the DOE were analyzed for any detectable addition of non-

deterministic scatter due to the presence of the rARSS. Although differences in their 

designed illumination patterns post-fabrication of the rARSS were observed, no 

distinguishable non-deterministic scatter amplification was observed. The main effect was 

an increase in the non-uniformity for the 1D spot array, and an increase in the axial 0th 

diffraction order for the controlled angle diffuser. 
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The diffractive lens transmission and reflection power measurements pre- and post-

fabrication of the rARSS showed comparable results to the rest of the DOE, with a 

significant suppression in reflection and no enhancement in transmission for any of the 

tested wavelengths. The measured beam profiles have remained near identical with no 

observable deviations for all measured wavelengths, indicating the transverse high-spatial 

frequency zones of the lens were not affected by the fabrication of rARSS. These 

observations suggest that the imbalances in the design illumination patterns of the 

measured DOE post-fabrication of the rARSS were because of relative phase depth 

mismatches, induced by the subtractive nature of the etching process that affected their 

diffractive efficiencies.    

 Granulometry was used to measure population distributions of the islands and voids, 

to characterize the rARSS formation on the dissimilar surface topographies of the DOE 

tested. While the distributed histograms of the islands for all the DOE were observed to be 

identical to the rARSS fabricated on planar optical windows, differences in the distributed 

histograms of voids for the DOE was seen. These differences in the distribution of islands 

to voids signify a possible impact of surface topography on the formation of rARSS.   

Finally, to fully characterize the scattering properties of the rARSS, scatter distribution 

functions of the optical flats and near wavelength gratings, with and without rARSS, were 

measured. A uniform scatter intensity of about an order of magnitude for higher angles of 

collection was observed for both measured optical flats and gratings. Even though the 

detectable scatter for the samples with the rARSS was observed, the effects were found to 

be minimal at an absolute level of 10-6 Watts per steradian, and did not affect the 

performance of the optical elements they were applied on. 
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4.3 Potential future work 

The work presented in this dissertation has shown that redistributions and 

randomization of the nanoscale features of AR-structures can enhance their anti-reflective 

performance, and can also be applied to pre-existing optical components with complex 

surface topographies without negatively affecting their performance. This outcome is 

critical for the design and implementation of a variety of optical elements, indicating that 

numerical designs and fabrication processes don’t have to be exhaustive from the onset. It 

also indicates that existing un-coated (or unstructured) optical components can be readily 

processed with rARSS, without loss of functionality. Although the experimental results 

presented in this dissertation show the scatter effects due to the addition of rARSS were 

negligible for substrates with low optical index values, such as fused silica, slight 

inefficiency in their performance could lead to addition of significant scatter into an optical 

system for substrates with large optical index values. As discussed in the chapters, Both 

EMT and existing scatter models are limited in their function, and fail to completely 

explain the full effects of nanoscale rARSS on optical surfaces. A comprehensive model 

including anti-reflectivity properties of the rARSS with their scatter characteristics, could 

provide further insights, conceptualizing the electromagnetic interactions between 

structured surfaces and incident optical radiation, and assist in performance optimization 

for a variety of applications. 
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APPENDIX B: List of Optical Components 

Thorlabs Components 

Component Model Quantity 

Photodiode Power Sensor S120C 1 

Power Meter Console PM100A 1 

Graduate Ring-Actuated Iris 

Diaphragm 

SM1D12C 1 

Dual Scanning Slit Beam 

Profiler 

BP209-IR 1 

CCD camera Beam Profiler BC106N-VIS 1 

Continuously variable ND filter NDC-100C 1 

Other Components 

Component Model Quantity 

Tunable Helium-Neon (He-Ne) 

Laser 

R-30602/R-30603 1 

 


