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ABSTRACT 

 

 

DAVID AARON GONZALEZ JR.  Surface Scatter of Antireflective Nanostructured 

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

 

 

Anti-reflective nanostructured surfaces (ARSS) enhance optical transmission 

through suppression of Fresnel reflection at boundaries between layered media by creating 

a gradually increasing ratio of material to air volume fraction. Previous studies show 

random ARSS (rARSS) exhibit broadband enhancement and polarization insensitivity in 

transmission when applied to flat optical windows. Windows with rARSS treatment are 

characterized (transmittance, reflectance, and angular scatter) using spectrophotometry and 

scatterometry to assess transmission enhancement over a spectral band of interest. Using 

measured spectral data, partial-integrated scatter values can be obtained, allowing the 

comparison of random anti-reflective boundary performance to optically flat surfaces. By 

comparing axial transmission and specular reflection with the scattered performance, an 

accurate determination of the redistribution of incident energy is obtained. The results show 

differences in scattered intensity over the wavelength bands of interest, correlating with 

surface random feature populations. 

Rigorous full-wave solvers of light scatter from aperiodic surfaces can be 

computationally intensive, therefore alternative methods are desired to predict and analyze 

bi-directional surface scatter. Using a transfer function approach, an approximation of far-

field light scatter can be modeled based on surface statistics. rARSS feature topology was 

determined using optical profilometry to obtain statistical surface roughness parameters 

and granulometric analysis of nano-roughened substrates SEM images, to assess the 

structured-surface feature scales. Random rough surfaces, which are generally globally 
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isotropic and polarization insensitive, are well-modeled by Gaussian statistics, making 

them ideal candidates for a surface transfer function approach of surface scatter analysis.  

Generalized Harvey-Shack surface scatter theory was used to calculate surface feature 

diffractive effects. Scatter distributions predicted using a Gaussian parameter model of a 

random surface and structured surface metrology data were compared to measured scatter 

data for assessment of the transfer function model validity within the bandlimit of interest. 

Results show that prediction of wide angle rARSS optical scatter is viable using the transfer 

function approach, but the theory fails to predict transmission enhancement due to the 

inclusion of roughness.  
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CHAPTER 1: INTRODUCTION 

1.1: Antireflective Treatments 

Ideally, every optical system would perform at its highest efficiency—components 

would be lossless and without aberration errors. High power laser applications would 

benefit from increased transmission throughput without potential damage to other 

components or personnel [1]. Conversely, every photon counts in low power astronomical 

imaging systems where there is a continuous need to see fainter objects [2]. Improving 

light throughput of an optical system can improve contrast and clarity of the image, 

hopefully without sacrificing resolution. 

Real optical components are not ideal and therefore not lossless. Fresnel reflection 

occurs when light is incident on boundaries separating dielectric regions with different 

optical refractive indices, and results in energy redirection, extinction, or both, within the 

incident and transmitted direction of propagation. Anti-reflective (AR) treatments, such as 

thin-film coatings, suppress reflections by destructive interference along the propagating 

directional axis. Reducing the reflection from the surface subsequently enhances the 

transmission throughput of the surface and can be beneficial for applications ranging from 

photovoltaics to infrared astronomy [1-3]. AR treatments can be grouped into two 

categories, homogeneous and inhomogeneous, based on the type of surface used to produce 

the reflectivity-suppressing effect. 

Thin films fall into the homogeneous category of AR surfaces. These can be single- 

or multi-layered, with designs reliant on the substrate material and the bandwidth over 

which AR performance is desired. The simplest case, a perfect single-layer thin film, 

eliminates reflection by inducing a π phase shift to the wavefront as it passes through the 

film. For this to occur, the thin film needs a thickness equal to odd multiples of quarter 
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wavelengths (λ/4) and a refractive index equal to the geometric mean of the substrate and 

superstrate refractive index (√𝑛0𝑛𝑠) where ns and n0 are the refractive index of the substrate 

and superstrate, respectively [4]. Unfortunately, single-layer perfect thin films cannot 

effectively produce broadband AR effects, are limited to moderate angles of incidence 

(AOI), and materials with the required refractive index simply do not exist for most cases. 

Multi-layer thin films are engineered to subvert the limitations in bandwidth, AOI, and 

choice of materials but are much more complicated to produce [3].  

Inhomogeneous surfaces produce an AR effect through gradual transition of 

superstrate to substrate refractive index. Gradient index materials “soften” the 

discontinuity between material boundaries, hereby reducing Fresnel reflection [4-6]. 

Structured materials achieve a gradient boundary by controlling the surface feature density 

(fill-fraction) and can be approximated by an effective index for analysis, similar to a single 

layer thin film. By fabricating a surface with specific feature density, a perfect “thin film” 

layer can be achieved.  

AR structured surfaces (ARSS) transverse components, period (cell size) and 

feature size, are generally subwavelength. Because the feature size is smaller than the 

incidence wavelength, only the zeroth order propagates while all other diffracted orders 

become evanescent. Modifying the feature shape or slope changes the material fill-fraction 

(e.g., monolithic vs. conic structures), and can be used to tune the AR effect bandwidth. 

Wide bandwidth AR effects are achieved by creating high aspect ratio features [8].  

Random anti-reflective structured surfaces (rARSS) are a subset of subwavelength 

gradient index materials used as an alternative to thin film coatings, with broadband 
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response, high transmission across wide ranges of AOI, and polarization insensitivity—

reducing Fresnel reflections in the visible and infrared (IR) [9-12].  

1.2: Nanostructured Surface Fabrication and Characterization 

In this case, rARSS are fabricated by top-down microlithography methods. 

Substrates are coated with a porous layer of metal which is either etched directly or 

thermally annealed. To achieve the necessary aspect ratio for broadband antireflectivity, 

sample may be coated with a dielectric layer before applying the metal layer to act as a 

buffer for deep etching. The distribution of metallic islands acts as a random-distribution 

mask which is transferred to the substate via reactive ion etching [13-14]. 

Since rARSS are made to be antireflective, it is necessary to characterize their 

optical performance. Experiments use spectrophotometry to give information on the 

bandwidth of transmission enhancement and potential parasitic diffractive effects. 

Optimally, rARSS will reduce reflection while also enhancing axial transmission. In 

unoptimized cases, it is possible that the addition of structures can cause a reduction of 

reflection and transmission simultaneously. Scatter induced at an interface can potentially 

diminish image contrast or resolution, inhibiting the performance of imaging or signal 

processing systems.  

1.3: Modeling Antireflective Structured Surface Scatter Effects 

1.3.1: Gradient-index Modeling of Structured Surfaces 

Modeling topological scatter can aid in the prefabrication process of structured 

surfaces and can explain the mechanism behind finalized AR spectral response. Previously, 

AR effects have been correlated with the nanostructure density, simulating an effective-

medium gradient-index boundary profile as a thin film [16]. For wavelengths much larger 
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than the structured surface features, the AR effect is accurately modeled. However, because 

the surface is a structured diffractor, not a perfectly smooth thin film, short-wavelength 

optical scatter present in experimental measurements is not accurately represented by the 

model. 

Rigorous coupled-wave analysis (RCWA) can be used to analyze diffraction by 

general periodic dielectric surfaces bounded by two different media. RCWA solves the 

resulting electric field amplitude and distribution after perturbation of a surface with an 

incident wavefront by defining strict boundary conditions via scattering matrices [17-18]. 

The surface is modeled using a layered approach, similar to effective thin films, with each 

layer having a density defined by a spatial period and feature size. Using this model, it is 

efficient to calculate the diffraction pattern from structured surfaces ranging from binary, 

50% duty cycle, gratings to multilevel phase holograms. Unfortunately, the theory is 

restrictive in the requirements for solving boundary conditions [18]. For aperiodic surfaces 

such as rARSS, it can be difficult to accurately represent the full spectrum of spatial periods 

that define the surface profile without extremely high-fidelity simulations, extending 

computation time. Additionally, the unit cell over which the calculations occur can induce 

incorrect scatter behavior due to periodic effects. Although the theory is rigorous, 

alternative methods are desired to predict and analyze bi-directional surface scatter without 

periodic requirements and long computation time. 

1.3.2: Modeling Aperiodic Scatter 

Complex (random, aperiodic) surfaces with a continuum of spatial features can be 

modeled using statistical parameters obtained via profilometric measurements. 

Topological nano-scale features on surfaces are described using statistical distributions, 
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which quantify their transverse-size population groupings (cross-sections), their packing 

density, and their height values (or depth below the original surface level) [19]. 

Redistribution of light from the wavevector axial region into wider angles correlates with 

the relevant high-spatial frequencies approaching the order of the incident wavelength; 

conversely, mid-spatial frequencies are generally responsible for broadening the near-

specular beam width in the far field [20-25]. Statistical surface profiles therefore give 

insight into the directional scatter of interfaces and visa-versa. 

Surface profiles and statistical parameters are obtained using profilometry and 

optical metrology. Surface roughness parameters are mathematical definitions of surface 

feature distributions that provide varying levels of surface information based on the 

specific calculation and application of the parameter. For example, it has been shown that 

random rough surfaces generally have Gaussian distributions of scaled features and can be 

approximately characterized by a surface root-mean-square roughness parameter [26]. 

1.3.3: Rayleigh-Rice Surface Scatter Theory 

The surface scatter model developed by Lord Rayleigh uses the full spectrum of 

spatial features, relating the incident wavelength of light λ, angle of incidence θi, angle of 

viewing θs, and roughness of the surface to the observed scatter distribution I(θi,θs) 

𝐼(𝜃𝑖 , 𝜃𝑠) = (
16𝜋2

𝜆4
) cos𝜃𝑖cos𝜃𝑠𝑄𝑆2(𝑓𝑥, 𝑓𝑦) (1.1) 

where Q is the polarization dependent reflectance of the surface, and S2 is the 2-

dimensional power spectral density (PSD) S2 describing the rough surface [27]. Rayleigh-

Rice (RR) theory follows a vector perturbation model and is dependent on the incident 

polarization of light. The material refractive index and incident and collection angles are 

used to calculate the surface reflectance. Q has four functional forms depending on incident 
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wavefront and detector s- and p- polarization combinations (parallel and cross terms) [20]. 

When considering measurements in the plane of incidence, the cross-polarization terms are 

zero. In the specular direction, the polarization equation reduces to the familiar Fresnel 

reflection coefficients [ref]: 

𝑅𝑠(𝜃𝑖) = |
𝑛1𝑐𝑜𝑠𝜃𝑖 − 𝑛2𝑐𝑜𝑠𝜃𝑠

𝑛1𝑐𝑜𝑠𝜃𝑖 + 𝑛2𝑐𝑜𝑠𝜃𝑠
|

2

= 𝑄𝑠𝑠 

𝑅𝑝(𝜃𝑖) = |
𝑛1𝑐𝑜𝑠𝜃𝑠 − 𝑛2𝑐𝑜𝑠𝜃𝑖

𝑛1𝑐𝑜𝑠𝜃𝑠 + 𝑛2𝑐𝑜𝑠𝜃𝑖
|

2

= 𝑄𝑝𝑝 

(1.2) 

The nearly single spatial frequency surface of diamond turned aluminum (Al) is a 

basic example of a diffractive scattering surface. Frequency content along the surface is 

mostly due to tooling marks leftover from the diamond tip, at a spatial frequency related to 

the machine cutting speed, with some noise due to imperfections in the material surface 

(Figure 1.1). Based on the fabrication parameters, the Al part was expected to have a spatial 

period of 60 µm. 

 

Figure 1.1. (Left) 10x magnification image of diamond-turned (machined) Al imaged using confocal 

microscopy. (Right) Height profile slice against the grooves of the surface. Cusps are leftover tooling marks 

from the machining process. The spatial period of the features is approximately 60 µm. 

 

PSD function is calculated by taking a Fourier transform of the 2-dimensional 

height map profile obtained via optical profilometry [28-29]. The PSD gives functional 

information on the total spatial content of the surface, limited by the modality of the 
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measurement tool. A Fourier transform of the machined Al height profile is shown in 

Figure 1.2 top. The PSD has strong peaks at 0.0164, 0.0336, 0.050, 0.0664 µm-1, indicating 

an actual tooling period of 61 µm and its second, third, and fourth harmonics. Other 

harmonics are present but are masked by the continuous low frequency spectrum.  

 

 

Figure 1.2. (Top) Calculated PSD using measured surface height map profile of 61 µm period machined Al. 

(Bottom) Calculated intensity distribution using the Rayleigh-Rice surface scatter theory at 5° AOI, 633 nm 

wavelength, and PSD calculated from surface height map as inputs. Grating orders locations were 

calculated using grating equation. 

 

Using the PSD of the machined Al surface as input for the RR theory, we calculated 

the expected scatter of the surface at 633 nm (Figure 1.2 bottom). The functional form of 

the RR theory depends heavily on the PSD, therefore the harmonic peaks are present as 

diffraction orders. Diffraction order locations calculated using the grating equation (mλ = 
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d(sinθi +sinθs), where m is the grating order and d is the grating period) are presented 

alongside RR scatter data. Analysis of the PSD peaks revealed the spatial period is closer 

to 61.0 µm, and the grating equation prediction agrees based on the closely matching 

grating order locations.  

RR theory is used when surfaces are considered sufficiently smooth compared to 

the incident wavelength of light. In this case, the transverse spatial features of the surface 

are on the order of 100x larger than the probing wavelength of 633 nm. Additionally, the 

depth of these features ranges from 2-5 µm. For random nanorough surfaces, the transverse 

features are subwavelength, almost 10-100x smaller than the incident wavelength, but the 

depths are on the order of the wavelength. This means that nano-rough surfaces are not 

“smooth” compared to low aspect ratio scalloped machined surfaces that diffract light 

similarly to sinusoid gratings. Diffuse rough surfaces do not scatter light into distinct 

orders, but a continuum. A general diffraction theory can take input in the form of pupil 

functions, and determine the distribution of light in angular space. 

1.3.4: Scalar Diffraction Theory 

The Kirchoff diffraction theorem can be used to find the diffraction pattern of an 

aperture g(x0,y0) when illuminated by a point source of wavelength λ and projected onto a 

screen at a distance r [4]. Development of the theory considers a source at the origin 

(denoted by a “0” subscript), with the resulting diffraction pattern at a position (xi,yi) . In 

rectangular coordinates, this is expressed by: 

𝑢(𝑥𝑖, 𝑦𝑖) =
1

𝑗𝜆
∬

𝑔(𝑥0, 𝑦0)𝑒𝑗𝑘𝑟

𝑟

∞

−∞

𝑑𝑥0𝑑𝑦0 (1.3) 

where  
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𝑟 = √𝑧𝑖
2 + (𝑥𝑖 + 𝑥0)2 + (𝑦𝑖 + 𝑦0)2  

  

In the far-field region, where (x0 – x)2+(y0 – y)2 is less than zi
2, we can take a binomial 

expansion of r: 

𝑟 ≅ 𝑧𝑖 +
𝑥𝑖

2 + 𝑦𝑖
2

2𝑧𝑖
2 −

𝑥𝑖𝑥0 + 𝑦𝑖𝑦0

𝑧𝑖
+

𝑥0
2 + 𝑦0

2

2𝑧𝑖
−

[(𝑥𝑖 − 𝑥0)2 + (𝑦𝑖 − 𝑦0)2]2

8𝑧𝑖
3 … (1.4) 

Keeping the first three terms in Equation 1.4 designates the region called the far-field 

region or Fraunhofer regime. The case of including the first four terms of Equation 1.4 is 

known as the near-field region or Fresnel regime. If the region of interest is very close to 

the aperture, these approximations are no longer applicable, and the binomial expansion 

cannot be applied [4,30].  

For complex apertures that consist of features much smaller than probing 

wavelengths, and physical measurements of scale that far exceed the size of the features of 

interest, the far field approximation is of best application, therefore we can use the first 

three terms of Equation 1.4 to examine the resulting diffraction pattern. Considering the 

first three terms of Equation 1.4 with 𝑟 ≅ 𝑧𝑖 in the denominator, Equation 1.2 becomes 

𝑢(𝑥𝑖 , 𝑦𝑖) =
1

𝑗𝜆𝑧𝑖
𝑒

𝑗𝑘(𝑧𝑖+
𝑥𝑖

2+𝑦𝑖
2

2𝑧𝑖
)

∬ 𝑔(𝑥0, 𝑦0)𝑒
−𝑗2𝜋(

𝑥𝑖
𝜆

𝑥0
𝑧𝑖

+
𝑦𝑖
𝜆

𝑦0
𝑧𝑖

)

∞

−∞

𝑑𝑥0𝑑𝑦0 (1.5) 

Equation 1.5 is the Fourier transform of the aperture function g(x0,y0). For well behaving 

functions, such as rectangular aperture, analytical solutions of Equation 1.5 are possible. 

More complex pupil functions that include broadband frequency contributions are more 

difficult to solve without using characteristic functions approximations but can be easily 

solved numerically using Fourier transform algorithms.  



10 

 

1.3.5: Harvey-Shack Surface Scatter Theory 

Using a linear-systems transfer function approach, an approximation of far-field 

light scatter can be modeled based on surface statistics. Harvey originally described the 

effects of surface scatter as aberration errors (residual roughness) for structured (machined) 

surfaces [31]. The higher order terms from Equation 1.4 encompass the range of spatial 

frequencies present on the surface that contribute to diffractive scatter. Using the machined 

Al surface, we can explore the Harvey-Shack (HS) surface scatter theory.  

Based on empirical data showing the shift invariance of radiance, Harvey and Shack 

produced a linear systems formulation for examining scatter behavior [31]. HS surface 

scatter theory requires that the surface h(x,y) is a single-valued Gaussian random process, 

the roughness is locally stationary (isotropic), any pair of random variables along the 

surface are jointly normal (linear combinations of heights along the surface have a normal 

distribution), and the sampled surface is ergodic (sample groups taken of the surface 

generally represent the surface as a whole). With these requirements, Harvey derived the 

Original Harvey-Shack scatter theory [20].   

The surface transfer function (STF) of a surface is similar to traditional modulation 

and optical transfer functions. The STF is based on a complex pupil function, 𝑃(𝑥, 𝑦) =

𝑎(𝑥, 𝑦)𝑒𝑗𝜙(𝑥,𝑦), similar to the aperture function, g(x0,y0), introduced in Equation 1.3. The 

pupil amplitude, a(x,y), is uniform (equal to the root of the Fresnel coefficient of the 

surface) and the phase, ϕ(x,y), is imparted on the wavefront due to height variations 

(roughness) along the surface. Taking the Fourier transform of the STF yields the angle 

spread function (ASF). 

The STF can be written as 
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𝑆𝑇𝐹(𝑥, 𝑦) = 𝑒−(4𝜋𝜎𝑠)2[1−𝐴𝐶𝑉(𝑥,𝑦)/𝜎𝑠
2] (1.6) 

where ACV is the 2D autocovariance function, and σs is the rms surface roughness. 

Equation 1.6 can be parametrized into specular and diffuse components, and ultimately 

Fourier transformed to obtain the ASF: 

𝐴𝑆𝐹(𝛼, 𝛽) = 𝐹(𝑆𝑇𝐹(𝑥, 𝑦)) (1.7) 

where α and β are direction cosine coordinates. ASF is converted to radiant intensity by 

multiplying Equation 1.6 by an angular cosine term (assuming unit power illumination). 

HS theory uses the autocovariance as its functional form, rather than the PSD. 

Autocovariance function (ACV) is calculated via serial multiplication or Fourier transform 

(Weiner-Khinchin theorem) of a zero-mean surface height profile [32]. The transverse 

(aperture) features of the surface are not considered in Harvey’s theory, only the feature 

heights (phase imparted on the wavefront). Using the ACV and rms surface roughness as 

input, we can calculate the scatter distribution of the machined Al shown in Figure 1.1 

(Figure 1.3).  

 

Figure 1.3. Calculated intensity distribution of 60 µm period machined Al using the Original Harvey-Shack 

surface scatter theory with 633 nm wavelength source at 5° AOI.  
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Diffraction orders are not present in the resulting scatter distribution (Figure 1.3) 

because the HS algorithm uses surface-averaged parameters as inputs, smoothing over fine 

details in the scatter pattern. Random rough surfaces are ideal candidates for a surface 

transfer function approach of scatter analysis because they are generally globally isotropic 

and polarization insensitive, are well-modeled by Gaussian statistics, and have height 

features on the order of the incident wavelength for wavebands of transmission 

enhancement [11,12]. 

1.3.6: Preliminary Modeled Results 

The final aspect of the scatter problem relies on experimental scatter measurements. 

Spectrophotometry alone gives limited data on the scatter properties of a surface, namely 

the axial transmission and specular reflection. Using scatterometry techniques discussed in 

Chapter 3, we measure the equatorial slice of a full 4π sr scatter distribution from a 

structured surface [21]. Experimental and theoretical values are compared for judgement 

of machined Al scatter performance (Figure 1.4). RR theory accurately predicts the 

location and magnitude of the diffraction orders near specular, while the HS theory 

averages out the orders and extends further into wider angles than RR.  
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Figure 1.4. Comparison of measured scatter data vs. Rayleigh-Rice and Harvey-Shack surface scatter theories 

for the machined Al shown in Figure 1.1. (Top) Linearly scaled abscissa shows HS theory and experimental 

data agree up to 45° AOC. RR data was mirrored over the specular direction to produce the angular 

distribution shown (Bottom) Log-scaled abscissa shows finer details in the scatter distribution at near-

specular angles. RR theory agrees very well with measured data. 

 

1.4: Dissertation Overview 

Chapter 1 introduced the concept of diffractive scatter from structured surfaces and 

showed the viability of measuring and predicting reflected optical scatter from a trivial, 

periodic, macro-structured surface. Characterization of aperiodic, nano-structured 

dielectric surfaces made for transmission enhancement is the goal of this project. Chapter 

2 explores traditional spectrophotometry for optical characterization, and calculations of 
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scatter using measured spectral data. Chapter 3 revisits the methodology of scattering 

measurements and showcases data for micro-rough and nano-rough diffusers in both the 

visible and infrared spectrum. Chapter 4 focuses on the Generalized Harvey-Shack surface 

scatter theory, its implementation, and its viability for predicting scatter from random AR 

structured surfaces. A repository of data of various samples can be found in the Appendix, 

following similar routines to those discussed within the chapters. 
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CHAPTER 2: SPECTROPHOTOMETRIC CHARACTERIZATION 

2.1: Introduction 

Light incident at a refractive index transition boundary between materials with 

different refractive indices, results in a redistribution of transmitted and reflected energy, 

proportional to the square modulus of the corresponding Fresnel coefficients. Spectral 

transmission and reflection is characterized using spectrophotometers to assess material 

performance over wavelength bands of interest. For normal dispersion materials, the 

addition of random nanostructures can produce an antireflective effect through gradient 

“softening” of the index boundary. 

Antireflective surface transmission enhancement is quantified through comparisons 

of spectral data for structured and polished substrates [10]. While transmission enhancement 

can be achieved by suppression of specular Fresnel reflection, the inverse argument does 

not hold. In cases where surface-induced scatter is evident, the on-axis spectral reflection 

and transmission can be reduced simultaneously. In those cases, the sum of the detected 

power along the propagation wavevector axis is lower than the total incident power; or, if 

the measurements are normalized to one of the measured quantities and extrapolated, the 

sum of the reflected and transmitted powers result in greater values than the incident 

normalization (i.e. greater than 100%). This is mainly due to the random surface nano-

roughness transverse cross-sections, which scatters light non-specularly and distributes 

irradiance within solid angles much wider than optical quality polished substrates do.  

2.2 Nanostructured Materials for IR Transmission Enhancement 

Off-axis scatter was investigated using optical-quality Zinc Selenide (ZnSe) 

windows processed with antireflective structures and measured using spectrophotometry to 
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gather data on their optical performance in the mid-wave and long-wave infrared (MWIR, 

LWIR). ZnSe is a typical material used in infrared optics due to its low absorption and high 

transmissivity (normal dispersion) over the infrared spectrum. The 25.4 mm-diameter round 

substrates had optical high-quality polish, with 7 nm average roughness, 9 nm rms-

roughness, and a thickness of 3 mm. Random nanostructuring of the surfaces was achieved 

using the “thermodot" method described in brief below [13]. 

2.2.1: Structured Surface Fabrication 

Substrates were coated with a thin, hard dielectric film (in this case AlN) at an 

empirically determined thickness, which is sufficient to mask the substrate from reactive-

ion plasma etching radicals for the duration of the fabrication etch process. A thin layer of 

metal (Ni) is deposited on top of the dielectric film and is rapidly annealed to form nano-

scale islands on the dielectric surface. Metallic island density is controlled by the rapid 

thermal annealing process schedule, and the surface energy between the metal and the 

dielectric and the island height depends on deposited metal-film thickness.  

The dielectric film is etched completely from the metal-vacant areas in a reactive-

ion plasma (RIE), resulting in transfer of the random island metal-footprint patterns in the 

AlN layer. The resulting random surface mask is then etched using a substrate-selective 

plasma, resulting in pillars with a “top-capped” profile. Thermodot Ni masking-caps were 

removed after the substrate etch step, using a commercially available wet chemical Ni-

etchant solution. Residual AlN caps remain on the original substrate pillars. Pillar height is 

controlled by the total etch time, whereas chamber pressure and applied RF-power RIE 

parameters control the sidewalls of the pillars. Thermal process parameters vary dot 

footprint shape and diameter—with an averaged-diameter population distribution that is 
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statistically repeatable. Scanning electron-microscope (SEM) images of four randomly 

nanostructured ZnSe surfaces are shown in Figure 2.1. 

 

Figure 2.1. SEM images of four randomly nanostructured ZnSe surfaces (A-D), including top-down of the 

structured dielectric surface (left) and monolith features at 45° angle of viewing (right).  
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Table 2.1. Surface randomness averaged dimensions for nanostructured ZnSe samples. 

 ZnSe:A ZnSe:B ZnSe:C ZnSe:D 

Diameter (nm) 214 233 175 174 

Cell Size (nm) 487 457 360 368 

Spacing (nm) 273 224 185 194 

Height (nm) 653 1600 2500 1600 

Density ratio 44% 51% 49% 47% 

Aspect ratio 3.05 6.87 14.29 9.20 

 

The pillar density ratio, calculated as the ratio of the average diameter to cell size, 

and their height-to-diameter aspect ratio, are comparative indicators of the random pattern 

density and effective depth. Pillar height is measured from the 45°-tilted, wide-field-of-view 

SEM images. For the representative sample group shown in this report, the pillar density 

varies from 44% (ZnSe:A) to 51% (ZnSe:B), and the aspect ratio from 3 (ZnSe:A) to 14 

(ZnSe:C). Qualitatively we can describe the samples tested as ranging from shallow and 

sparse (ZnSe:A), to deep and dense (ZnSe:C). 

2.2.2: Spectral Characterization 

Spectral T(λ) and R(λ) were measured for all ZnSe substrates shown in Figure 2.1. 

The measurements were collected using a spectrophotometer (Bruker, Vertex-V80), across 

the MWIR and LWIR spectrum (2-12 µm), at normal incidence for T(λ) and, at 15° AOI for 

R(λ), sweeping AOC from 15° to 45° (Figure 2.2).  

For unpolarized and incoherent light, specular reflectivity is not appreciably 

changing for angles between normal incidence and the substrate’s Brewster angle value. 

This allows, to a good approximation, pairing the 15° AOI R(λ) data with the normal-

incidence T(λ) measurements. The results of the specular reflection and axial transmission 

are shown in Figure. 2.3. 
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Figure 2.2. (A) Configuration of reflection measurement of the spectrophotometer used in this study. Light is 

focused onto the transparent sample plane and the reflected cone of light (red shaded area) is collected by 

rotationally scanning the collection mirror. Nano-roughened substrates may scatter light outside of the 

directional cone of collection (dotted outlined area). (B) Angular intensity distribution is presented as a 

directional diagram from -15° to 45° AOC, on a radial logarithmic normalized power scale. An aluminum 

mirror is used as a background (dashed line). Nano-roughened sample reflected intensity (red circles) is 

compared to the optically flat sample (black squares). 

 

 

Figure 2.3. Measured normal incidence (axial) transmission (T(λ)) and specular reflection at 15° (R(λ)), for the 

single-surface rARSS processed samples(A-D) (red) and an optically flat ZnSe substrate (black). 
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Three of the four ZnSe nanostructured substrates, ZnSe:A, B and C, have axial 

transmission enhancement within the wavebands measured, due to the presence of the 

rARSS on a single facet. Transmission is enhanced by 7% for sample A at MWIR 

wavelengths, while Samples B and C have increased transmission (+10%) in the LWIR (8-

12 µm). Sample D shows no improvement across the measured wavelength bands. While 

the measured spectra of samples B and C are similar, it is noted that the surface features of 

the two samples shown in Figure. 2.1, and the surface randomness scale descriptors in Table 

2.1, are morphologically distinct. The most noticable difference between the two samples 

is their pillar aspect ratio, which is more than twice as large for sample ZnSe:C, whereas 

the pillar density ratio is more comparable between the two. The transverse-feature cell 

size is smaller for ZnSe:C compared to ZnSe:B, and almost identical to ZnSe:D. On the 

other hand, ZnSe:A and B have the same cell size and clearly different pillar aspect and 

density ratios. 

2.2.3: Spectrophotometry Discussion 

MWIR and LWIR measurements of spectral Transmittance (T(λ)) and Reflectance 

(R(λ)), are collected using spectrophotometers with temporally incoherent and unpolarized 

light sources (e.g., globars). Such instruments have much larger apertures than the 

wavelengths in the IR band, resulting in poor spatial coherence, in addition to their poor 

temporal coherence due to the thermal nature of their light-emission mechanisms. Because 

of low coherence, interference phenomena induced between surfaces of relatively thick (> 

500λ) transparent substrates are not prominent. Additionally, spectrophotometers normalize 

their measurements using a “background spectrum” or baseline, which is taken differently 

for each type data set. In transmission, the background is collected as the irradiance through 
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the system in the absence of the substrate to be tested. In reflection, the background 

irradiance of the system includes a reflective mirror, which is a single-surface optical 

component. Although this restriction is not significant for opaque substrates within the test 

bands, for transparent substrates there are multiple “front-to-back” reflections that 

contribute to the detected signal, and the normalization is not strictly comparable.  

 Spectrophotometric intensity measurements cannot distinguish between single-

surface reflections and overlapping reflections from the front and back surface of a 

transparent substrate, especially when the two surfaces are not identical. Therefore, at off-

normal-incidence reflection conditions, the “top” and “bottom” irradiance reflections will 

overlap and the measured angular intensity distribution will be greater than the “top” single-

surface response alone. For nano-roughened substrates, the directional distribution of light 

from the front and back surface contribution will have additional scatter which is different 

than that of an optically flat sample. Due to the finite size of the movable collection mirror 

used in the setup, scattered light outside the directional collection cone (AOC) is not 

captured, as seen in the diagram of Figure 2.2.  

2.3: Spectral Analysis of Bidirectional Scatter 

The presence of nanostructures simultaneously increased the axial transmission 

throughput and reduced the specular reflection. At MWIR wavelengths (3-5 µm), summing 

the normalized transmission and reflection from the processed samples does not yield unity 

(100%), within our measurement’s degree of uncertainty (±0.5%), suggesting there is an 

additional mechanism that is removing light from the axial light-propagation direction. 

Total integrated scatter (TIS) is a measure of all scattered intensity outside the region 

strictly defined by the light beam along the axial or specular direction. TIS can be useful for 
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reducing large amounts of scattering data to a single comparative quantity, which defines 

the general scattering performance of optical interfaces. Due to the finite size of the 

spectrophotometer collection mirror, the specular region is taken as the cone of collection 

spanned by the mirror, defining a limited integrated scatter region.  

When testing transparent windows, surface scatter propagates in both the reflection 

and transmission directions; therefore, the spectrometer’s detector mirror collects integrated 

scatter data in transmission mode over the finite collection aperture as well. By combining 

the data of both the transmitted partial integrated scatter (contained in our normal incidence 

axial direction), as well as the integrated scatter cone of the specular reflection, bi-

directional scatter (BDS) can be determined, to further distinguish between the scattering 

induced by the various roughened surfaces. 

As mentioned, wide-angle scattered light escapes the spectrometer’s cone-of-

collection. To assess the magnitude of the scatter losses, both transmission and reflection 

spectra are needed. To calculate the BDS, due to a single nano-structured surface on a 

transparent substrate, the unprocessed sample’s double-sided intensity measurements 

TUDS(λ) and RUDS(λ) are first summed to quantify the instrument’s total measured irradiance 

reference. This value is used as a re-normalization: 

𝑇𝑈𝐷𝑆(𝜆) + 𝑅𝑈𝐷𝑆(𝜆) = 𝐼𝑈(𝜆) (2.1) 

In general, these quantities are normalized independently by the instrument, and may 

not add to unity (100%), as their respective “baseline” normalizations are different: in the 

RUDS(λ) case it is a front surface metal mirror, whereas in the TUDS(λ) case it is the 

unobstructed incident light beam. We assumed that the unprocessed substrates, having a 

high-quality optical polish, have no appreciable scatter within the dynamic range of the 
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spectrophotometer’s detector. Following Equation 2.1, the nano-structured surface sample’s 

measurements TPDS(λ) and RPDS(λ) are summed, while also including a loss term ΣPSS(λ): 

𝑇𝑃𝐷𝑆(𝜆) + 𝑅𝑃𝐷𝑆(𝜆) + 𝛴𝑃𝑆𝑆(𝜆) = 𝐼𝑃(𝜆) + 𝛴𝑃𝑆𝑆(𝜆) = 1 (2.2) 

where ΣPSS(λ) is the non-captured single surface BDS, and IP(λ) is the total irradiance 

measured by the instrument. Dividing Equation 2.2 by Equation 2.1 results in the net 

scattered irradiance ratio σPSS(λ), which is normalized to the non-scattering, unprocessed 

substrate’s total irradiance: 

𝜎𝑃𝑆𝑆(𝜆) = 1 − (
𝐼𝑃(𝜆)

𝐼𝑈(𝜆)⁄ ) (2.3) 

Re-normalization of the processed window reflection and transmission, to the 

unprocessed sample values, eliminates the unprocessed back-surface intensity 

contributions, common to all tested substrates, and produces a value for the radiative BDS, 

depending only on the presence of the processed single-sided surface. If the sum from 

Equation 2.1 results in values near unity across the entire spectral range of measurements, 

then the single surface scatter ΣPSS(λ) in Equation 2.2 and the scattered irradiance ratio 

σPSS(λ) from Equation 2.3 are going to be within the instrument’s measurement uncertainty, 

and we can consider them equal. Proceeding with this assumption and re-arranging 

Equation 2.2, we can relate the processed samples RPDS(λ) to the unprocessed sample 

double-sided intensity measurements RUDS(λ) by a wavelength-dependent scaling factor 

f(λ): 

1 − 𝜎𝑃𝑆𝑆(𝜆) − 𝑇𝑃𝐷𝑆(𝜆) ≈ 𝑅𝑃𝐷𝑆(𝜆) = 𝑓(𝜆) ⋅ 𝑅𝑈𝐷𝑆(𝜆)   (2.4) 

In this sense the processed scattering substrate is a “lossy” version of the double-

sided polished substrate, with the losses attributed only to the single processed face. We 

note that f(λ) < 1, since the randomly nanostructured surface reflectance can only decrease 
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along the specular direction, as the scattered power will distribute over a solid angle of 2π-

sr. Because all scatter is due to the single nanostructured surface, the same scaling factor 

could apply to the processed single-side reflectance RPSS(λ) relating it to the unprocessed 

single side value RUSS(λ): 

𝑅𝑃𝑆𝑆(𝜆) ≈ 𝑓(𝜆) ⋅ 𝑅𝑈𝑆𝑆(𝜆) = 𝑓(𝜆) (
𝑅𝑈𝐷𝑆(𝜆)

(2 − 𝑅𝑈𝐷𝑆(𝜆))
⁄ ) (2.5) 

The last step in Equation 2.5 is obtained by algebraic manipulation of the polished 

double-sided reflectance equation that relates the single side TUSS(λ) and RUSS(λ), to the 

double-sided quantity RUDS(λ) [33-34]. 

2.3.1: Single-surface Optical Scatter Results 

Using the preceding estimations, total BDS, ΣPSS(λ), single-side reflectance, RPSS(λ), 

and single-side transmittance, TPSS(λ), was calculated and shown in Figure 2.4. For all 

samples, scatter is present for shorter wavelengths (MWIR), and decays exponentially as 

wavelengths increase (LWIR). Some qualitative comparisons are evident. The surface of 

sample A has fine and sparse nano-roughness, inducing almost uniform low scatter across 

the wavebands. Consequently, the transmittance of ZnSe:A is enhanced in the MWIR, and 

some scattering losses in the LWIR. In contrast, sample ZnSe:D, with larger and wider 

features, shows strong scattering in the MWIR, which affects its transmittance considerably. 

The previous analysis assumed that the loss of light from the specular direction was 

due to nanostructures causing surface scatter. The conjecture appears to be true for these 

materials based on previous knowledge of traditional optical diffractors and diffuse 

topological surfaces. The question remains: if light were scattered from the specular region, 

how was it distributed in angular space?  



25 

 

 

Figure 2.4. Calculated bi-directional scatter (Σ) (grey), single-surface reflectance (R), and single-surface 

transmittance (T) for each single surface processed ZnSe substrate (red), and the optically flat ZnSe window 

(black) using Equation 2.3-2.5. Light scatter from the optically flat substrate was negligible over the 

wavelength band of interest. 

 

2.4: Measuring Wide-angle Reflected Scatter 

The redistribution of light from the specular region is quantified by measuring wide-

AOC intensities, and comparing the angular distribution of light from a processed substrate 

to the optically flat (unprocessed) substrate. During a reflection measurement, the incident 

beam is directed at the sample surface and reflected towards a movable collection mirror 

(Figure 2.2 right). The spectrophotometer collection mirror used in this study is limited to 

motion in the equatorial plane from 13° - 83° from the sample normal vector.  

Depending on the optical system’s alignment, signature data associated with the 

background may exhibit biasing in one angular direction, causing an asymmetric pattern to 

form [20]. Verification of the spectrophotometer setup alignment was conducted by taking 
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measurements at 25° and 30° AOI, sweeping AOC (15° - 60°) to determine the symmetry 

of the tool’s signature intensity angular distribution. In those test cases, the clockwise and 

counterclockwise power distributions (with respect to specular reflection angle) were 

approximately equivalent, within the sensitivity of the instrument.  

2.4.1: Directional Reflectance Results 

Off-axis reflectance was measured as the collection mirror was swept from θc = 15° 

to 60°, keeping AOI fixed at 15°, and mirrored over the specular ray axis, to produce a 

complete directional view of the scattered light distribution. Polar representation of 

scattering data is useful to visualize the directionality of light within an optical system. 

Logarithmic-scale intensity distinguishes between the reflectivity of the main and side lobes 

of the directional diagrams, which can have four or more orders of magnitude difference. 

Directional diagrams of reflectance distributions at 4 µm and 10 µm are presented in Figures 

2.5-2.6. The wavelengths shown were chosen as representative cases of scatter in the MWIR 

(4 µm) and LWIR (10 µm). 

The angle of collection (θc) can be scaled in a semi-logarithmic format, similar to 

conventional scattering formatting used by Harvey [20, 25, 34-35]. Using the parameter β 

= sin(θc), scattering data can be compared over multiple AOI for wide AOC, due to the shift 

invariance of radiometric radiance. The reflectance ratio presented here may not be 

considered radiance in a strict mathematical sense; however, plotting as a function of β 

allows for efficient examination of the axial, narrow, and wide-angle scatter distribution,  
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Figure 2.5. Measured reflected directional intensity distributions at 4 µm wavelength, including scattered light 

outside of the directional cone (+3°< θc <+27°). The processed ZnSe surface (red circles) is compared to its 

unprocessed counterpart (black squares) and the mirror signature (dashed line). 

 

 

Figure 2.6. Measured reflected directional intensity distributions at 10 µm wavelength, including scattered 

light outside of the directional cone (+3°< θc <+27°). The processed ZnSesurface (red circles) is compared to 

its unprocessed counterpart (black squares) and the mirror signature (dashed line). 
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compared to the polar representation which can obfuscate wide-angle (>±15° from 

specular) low-intensity data near the polar origin (Figure 2.7-2.8). 

Main and side lobes of the unprocessed sample measured scattering distribution are 

proportional to the measurement mirror performance (background), with a uniformly-

reduced magnitude due to the lower Fresnel reflectivity of ZnSe. Scaled conformity of the 

angular reflectance distribution signifies that scatter due to the presence of particulate 

contamination is minimal for the optically flat window. Mirror and unprocessed sample 

main lobe angular extent remains constant for 0.26 < β < 0.45 (15° < θc < 27° ± 0.5°) over 

the measured wavelength band, while side lobe intensity increases proportionally with 

wavelength, and its angular extent does not change appreciably (7° ± 0.5°).  

Samples A, B, and D all exhibit broadening of the main lobe angular extent. Side 

lobes for samples B, C, and D are suppressed at 4.0 µm wavelength, and wide-angle scatter 

is an order of magnitude larger than the optically flat substrate. At 10 µm wavelength, 

sample B main lobe angular extent is broadened. Sample A performance matches the 

optically flat substrate in magnitude and shape, and samples B, C, and D have reduced 

main and side lobe values, while maintaining the general shape of the signature of the 

mirror. 
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Figure 2.7. Measured reflected angular intensity distribution at 4.0 µm wavelength, from the rARSS 

substrates (red circles), the unprocessed ZnSe window (black squares), and the reference mirror (dashed line), 

presented as logarithmic reflectance functions of parameter β = sin(θc). 

 

Figure 2.8. Measured reflected angular intensity distribution at 10 µm wavelength, from the rARSS substrates 

(red circles), the unprocessed ZnSe window (black squares), and the reference mirror (dashed line), presented 

as logarithmic reflectance functions of parameter β = sin(θc). 
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Figure 2.9. Processed samples (ZnSe:A–D) are characterized by comparing their reflectance distribution 

contour gradients to that of the optically flat sample (ZnSe:O).  
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Processed samples (ZnSe:A–D) are characterized by comparing their reflectance 

distribution contour gradients to that of the optically flat sample (ZnSe:O) (Figure 2.9). 

The spectral radiance maps show noticeable differences in performance for each sample 

at shorter wavelengths (2.0 to 5.0 μm) for all AOCs. Sample ZnSe:A exhibits a side-lobe 

reduced magnitude while samples B, C, and D all have a homogenization of the scatter 

distribution outside of the main lobe (β>0.45). Main lobes of all samples measured 

decrease as the angular extent widens and the β=0.45 boundary diffuses. For samples B, 

C, and D, scatter at higher angles in the MWIR is an order of magnitude larger than 

samples O and A. Longer wavelength measurements (5.0 to 12 μm) of all samples 

resemble the optically flat sample with reduced magnitude values. Contrast between main 

and side lobes of processed samples diminishes for samples A, C, and D, whereas sample 

B has a clearly defined separation between lobes at longer wavelengths. 

2.5: Discussion of Spectral Results 

Collected radiance distribution characteristic shape is due to the angular dependence 

of the reflected area-solid angle product dAsdΩs. Due to the elongation of the incident beam 

finite cross-section in one direction dAs /cosθi, the signature of the tool (single surface 

mirror) appears to be similar to a directional but diffuse dipole radiator. For transparent 

substrates, the double reflection will extend the apparent radiator length, due to overlapping 

front-to-back reflected elliptical spots, accentuating the radiator’s characteristic shape. 

Globar IR-sources generally emit as blackbodies; therefore, uncertainty in the 

spectrophotometer normalization occurs when the background and measured data 

approaches three orders of magnitude difference, at longer wavelengths and large angles 
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of collection. This agrees with the elevated “noise” on our LWIR band measurements for 

β > 0.55, compared to the MWIR measurements. 

Comparison of relative scattering trends between samples is important, in the 

context of rationalizing the performance of an optical window due to the presence of 

roughness. Figures 2.5-2.8 show that a surface with shallow and sparse nano-roughness 

(ZnSe:A) has better MWIR anti-reflective performance than a shallow and dense surface 

(ZnSe:B), although the measured specular reflectance is lower for B compared to A (Figure 

2.3).  

For similar nano-roughness packing density, shallow (ZnSe:B) to deeper features 

(ZnSe:C) is not mitigating the MWIR wide-angle scatter losses. In the LWIR, nano-

roughness heights do not provide higher transmission enhancement like other gradiant 

phase effects. ZnSe:D and ZnSe:B have average feature depth of the order of 0.1λ and 

ZnSe:C is deeper at 0.25λ, yet B and C have very similar spectral responses strictly on-axis 

(Figure. 2.3). ZnSe:B and ZnSe:C have almost identical nanostructure density, although 

their depths are dissimilar, seems to control the specular reflectance suppression. Given 

specular reflectivity and random surface depth measurements only, the results indicate that 

the axial transmission of random AR nano-surfaces cannot be accurately determined. 

2.6: Conclusions  

Chapter 2 focused on the characterization of nanostructured surfaces using 

spectrophotometry. This method quantified the performance of randomly nanostructured 

AR surfaces on optical windows, using single-sided-surface directional scatter reflectance 

and transmission measurements, removing normalization inconsistencies from 

measurements limited to nanostructured surface specular reflection alone.  
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The analysis determines the surface-induced Fresnel reflectivity reduction, 

including additional bidirectional scatter, by leveraging axial transmission and specular 

reflection measurements, of both the nanostructured surface and the optically flat equivalent 

material substrate, to remove the “backside” contribution of the transparent substrate and 

accurately determine the scatter due to the nano-structured surface alone. Structured 

surfaces presented had measurable specular losses due to scatter in the MWIR while also 

enhancing the axial transmission throughput of the material. 

Addition of surface nano-scale features on an optical surface provides suppression 

of Fresnel reflectivity in, and at narrow-angle to, the specular direction, and measurable off-

axis redistribution of light into the wide-angle region. As the wavelength of light increases 

compared to the size of the surface features, the suppression of the directional radiation is 

less prominent, while the side lobes maintain comparable values to the optically flat 

substrate. This trend is evident when examining the magnitude of scattering at single 

wavelengths or angles of collection; however, this does not uniformly scale with light scatter 

from short to long wavelengths. We show these results, presenting reflectance 

measurements as a function of the directional parameter β and the incident wavelength, for 

a selected set of sample surfaces.  

Suppression of the specular direction intensity does not imply an absolute 

enhancement of axial transmission through a nano-structured window; rather, an increase 

on the main- and side-lobe directional irradiance and angular spread is observed. MWIR 

scattering reflection distributions show an increase in specular scatter for all processed 

samples (Figure 2.5). In the LWIR, processed sample scattering distributions are closer to 

the values expected from an optically flat sample, with some reduction in the main and side 
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lobe magnitudes. Wide-angle scatter (> ±20° from specular) is reduced to our measuring 

tool’s noise level, signifying the feature sizes are too small to cause diffractive effects. 

Measurements of the reflected angular intensity distribution of each processed 

substrate show the redistribution of light outside the specular direction, aligning with 

expectations based on the calculated bi-directional scatter (Figure 2.3). In the MWIR and 

LWIR, Fresnel reflectivity is shown to be suppressed in the specular region, because light 

is redistributed from that specular region. As the wavelength of incident light increases, the 

effects of scattering are less pronounced, yet measurable in the narrow axial direction 

regime. Further quantitative measurements of the distribution of scattered energy may give 

insight into structured surface diffractive effects and is explored in Chapter 3: 

Scatterometry. 
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CHAPTER 3: SCATTEROMETRY 

3.1 Introduction 

Chapter 2 focused on the specular (paraxial) performance of nanostructured optics. 

The goal was to quantify spectral transmission enhancement and reflection suppression, by 

direct measurements. In some cases, the axial transmission enhancement did not coincide 

with an equal suppression of the specular reflection, indicating that light was redistributed 

from the paraxial region to wider angles. By measuring the off-specular reflection, we were 

able to qualitatively discern differences between scatter caused by optically flat or 

nanostructured surfaces over the MWIR to LWIR. Due to restrictions in the reflection test 

setup, namely the solid angle extent and angular resolution of the collection mirror 

(described in Figure 2.2), it is difficult to resolve finer details in the distribution of scatter. 

This “convolution problem” causes blurring of high-resolution angular scatter features by 

oversampling the angular distribution with a large aperture as the collection aperture scans 

across the measurement plane.  

3.2: Scatterometry Methodology 

To better evaluate non-paraxial scatter and resolve high resolution features of the 

scatter distribution, a fixed incidence angle setup with high angular resolution and wide-

angle detection was utilized. The CASI (“Complete Angle Scatter Instrument”, 

Scatterworks Inc., Tucson, AZ) consists of a polarized-laser source, six degrees-of-freedom 

sample stage, and rotating detector arm, capable of 360 degrees angle of collection radiance 

detection over the equatorial plane (Figure 3.1). CASI has variable apertures and electronic 

gain-switching for enhanced sensitivity, making it able to distinguish finely detailed scatter 

distributions at large AOC.  
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To calibrate the instrument,  light from the source is directed  through the optic axis 

of the system, passing through a beam chopper, coarse and fine spatial filters, and a 

polarizer, into a focusing mirror directed towards the detector plane. The mirror and detector 

are adjusted until the resulting measured scatter distribution (without sample) is symmetric. 

In the process, the total power of the incident beam is recorded and stored for later use in 

converting the measured intensity to a bidirectional scattering distribution function (BSDF). 

CASI has two inaccessible angular ranges (Figure 3.1 right, blue shaded regions), due to 

obstruction from the sample holder and the detector arm as it sweeps across the hemisphere, 

blocking the source.  

 

Figure 3.1. (Left) Photograph of CASI scatterometer setup with visible HeNe laser source. The sample is 

visible on the right edge of the photograph; the detector arm is beyond the image. (Right) Diagram of the CASI 

scatterometer layout. A laser source is directed towards the sample located at the center of rotation of the setup, 

with detector capable of measuring radiance over the equatorial plane of the unit sphere. The detector aperture 

size is adjusted for specific angular ranges as the detector scans across the hemisphere. 

 

Using the CASI we can measure the BSDF, defined as the scattered radiance (L) per 

incident irradiance (E): 

𝐵𝑆𝐷𝐹(𝜃𝑖 , 𝜙𝑖 , 𝜃𝑠, 𝜙𝑠) =
𝐿(𝜃𝑖, 𝜙𝑖, 𝜃𝑠, 𝜙𝑠)

𝐸(𝜃𝑖 , 𝜙𝑖)
=

𝛥𝑃(𝜃𝑠, 𝜙𝑠)/(𝛥𝜔𝛥𝐴𝑐𝑜𝑠𝜃𝑠)

𝑃0(𝜃𝑖 , 𝜙𝑖)/𝛥𝐴
 (3.1) 

where θi, φi, θs, φs, define the incident (i) and scattering (s) polar (θ) and azimuthal (φ) 

angles, ω is the solid angle of the detector aperture, and ΔA is the area element of the 
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illuminated scattering surface. ΔP denotes the radiant power collected by the detector while 

P0 is the incident radiant power illuminating the area element [20]. Scatterometry trades the 

wavelength selectivity of spectrophotometry for optical sensitivity. Measurements give 

empirical data for single-wavelength angular spread (distribution) and the amount of light 

scattered after incidence at a surface, both in reflection and transmission.  

FS substrates were measured via 405 nm UV confocal imaging microscopy (LEXT 

5000, Olympus, Shinjuku City, Tokyo, Japan) at 100x magnification, and surface 

roughness parameters were obtained by analyzing the surface using the accompanying 

software. Figure 3.2 includes images of the substrates used in this study: 20-10 scratch-dig, 

optical-quality double-sided polished FS wafer (polished), a similar optical-quality 

unpolished (ground) FS sample, a random nanostructured FS (rARSS). 

 

Figure 3.2. FS substrates of different roughness scales were measured using confocal microscopy taken with 

405 nm UV laser illumination. (Left to right): optical quality FS flat, ground FS, and rARSS added FS surfaces. 

Samples with nanostructures were processed using random gold masking and etch method explained in 

Chapter 1. Statistical distributions of surface features (lateral spacing and depth of features) conventionally 

determine the spectral response of the interface. 

 

3.2.1: Diffuse Scatter Measurements 

For a micro-scattering surface (i.e., ground FS glass at visible wavelengths), we can 

explore the methodology of measuring optical scatter. Bidirectional transmission 

distribution function (BTDF) was measured for a ground FS substrate using a CASI 

scatterometer, with a vertically polarized, 633 nm wavelength, HeNe laser at 0°, 15°, 25°, 



38 

 

30° 45°, 56°, and 70° AOI, sweeping AOC from -90° to +90° around the specular direction. 

After the sample is placed and its area vector is parallel and centered to the instrument’s 

optic axis, the detector sweeps across the hemisphere, and the accompanying software 

package numerically processes the BTDF. Measured scatter distributions at selected AOI 

are presented in Figure 3.3.  

At first glance, scatter data gives the observer an idea of where and the amount of 

light is scattered into the hemisphere. Formalisms used in the literature can elucidate finer 

details of the surface scatter behavior. BTDF is proportional to radiant intensity (I) by 

multiplication with a cosine term. This satisfies the physical requirement that a null should 

be present at the perpendicular AOC due to angular dependence (Figure 3.4). 

 

 

Figure 3.3. Measured BTDF of ground glass obtained using the CASI. 
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Figure 3.4. Scaling BTDF by cosine of the scatter angle produces a radiant intensity distribution. Due to the 

cosine dependence, the distribution approaches zero at large (>85°) angles of collection. 

 

Figure 3.5. Beta-projection intensity. Scatter distribution is projected into cosine space by taking the sine of 

the collection angle (β = sinθs). 

 

The sine of the collection angle (β = sinθs) projects the scatter distribution onto the 

unit circle in cosine space, for convenient viewing of diffracted light (Figure 3.5). This beta-

projection enhances the view of near specular scatter where many fine-details generally 
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preside, while wide angle effects that are uniform (in the case of highly diffuse surfaces) 

and less distinct comparatively [20].   

Scatter distributions are dependent on radiometric radiance (L), therefore they are 

shift-invariant with respect to AOI. Plotting the intensity as a function of β-β0 allows for 

efficient comparison of the scatter response due to high spatial frequency effects as AOI 

increases. For experimental scatter measurements of diffuse glass, scattered intensity peak 

shifts from the axial direction (propagation wavevector direction), as the angle of incidence 

increases (Figure 3.6).  

Shifting the distribution by the angle of BTDF peak value (θp) verifies shift-

invariance of the diffuse portion the scatter distribution. independent of incidence angle 

(Figure 3.7). The peak value of the BTDF diminishes with increasing AOI, and the location 

of the peak is shifted towards the surface normal facing the detector hemisphere (antiparallel 

to the incident light propagation vector).  

 

Figure 3.6. Near shift-invariance of the scatter distributions is visualized using shifted coordinates (β-β0) based 

on the incidence (β0 = sinθi) and collection (β = sinθs) angles.  
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Full width at half max (FWHM) of the distribution can be readily compared by 

removing fluctuations around the specular region due to the system signature (±5°). Values 

of the diffuse region angular FWHM are listed in Table 3.1. All distributions have similar 

FWHM values, with an average width of 17.6° ± 2.0°. 

 

Figure 3.7. Shift of the distribution, by the BTDF peak value per AOI, shows the light transverse profile 

FWHM to be similar in value. The distributions have an average width of 17.6° ± 2.0°. 

 

Table 3.1. Angular shift of the maximum BSDF value and angular FWHM of 

measured scatter distributions. 

AOI (°) AOC Peak (°) FWHM (°) 

0° 1.03 15.2 

15° 14.78 14.8 

25° 25.44 19.6 

30° 29.19 18.5 

45° 39.54 17.2 

56° 47.19 19.1 

70° 53.88 19.1 
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Figure 3.8. Logarithmic scaling of the diffuse scatter distribution reveals the wide-angle scatter is non-

negligible.  

 

Most authors plot the BSDF as a log-scale on the ordinate, since one can better 

distinguish between the paraxial radiation main lobe and side lobe “shoulders” of the BSDF, 

which can have nine or more orders of magnitude difference in scale. Random diffuse 

surfaces are generally (and conventionally) described by Gaussian-distribution statistics. 

Plotting measured transverse light-scatter from these surfaces in a linear scale shows 

similarity to Gaussian-profile distributions; however, logarithmic scaling of the measured 

distribution reveals it is not exactly Gaussian. The wings of the scatter distribution, while 

minimal, are not negligible (Figure 3.8).  

This data agrees well with that shown in the literature and has been compared to 

empirical fits from other groups studying scatter (Figure 3.9). Harvey reports the scatter 

from diffuse ground surfaces to follow the following trend for the peak BSDF value per 

incident angle: 

𝜃𝑝 = −6.0 ∗ 10−5𝜃𝑖
3 + 2.4 ∗ 10−3𝜃𝑖

2 + 0.8692𝜃𝑖 + 0.2999 (3.2) 
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and the experimental BTDF at normal incidence: 

𝐵𝑇𝐷𝐹 = 𝛾0𝐾 [0.7632𝑒
−(

𝜋(𝛽−𝛽0)
0.26724

)
2

+ 0.2368𝑒
−(

𝜋(𝛽−𝛽0)
0.61566

)
2

] (3.3) 

 

Figure 3.9. Curve fit of the BSDF peak value vs. AOI (left). Fitted BSDF distribution at normal incidence 

calculated using empirical fit from the literature (right) [20]. 

 

Differences in our measured data and the empirical fit from Harvey are due to us measuring 

samples with slightly different surface roughness characteristics. 

3.2.2: Nanostructured Surface Scatter in the Visible 

Following the assessment of the tool alignment and scatter conventions using 

ground glass diffusers, we measured scatter from nanostructured substrates for comparison 

to their optically flat counterparts.  

The optical quality double-sided polished fused silica (FS) substrates were 

processed with random anti-reflective nanostructures for enhanced transmission over the 

visible wavelength band. Random nanostructuring of the surfaces was achieved using a 

random gold-masking method described in Chapter 1 [10].  

The first part of the study measured BSDF with a vertically polarized, 633 nm, HeNe 

laser at 0, 15°, and 50° angle of incidence (AOI), sweeping angle of collection (AOC) from 
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-90° to +90° around the azimuthal direction. For transmissive scatter the nanostructured 

sample is compared to scatter from a polished FS substrate, while reflection data is also 

compared to conventional (Au and dielectric) optical mirrors. Sample spectra over the 

visible wavelength band are presented alongside scatter data for visualization of axial 

performance of the nanostructured sample (Figure 3.10 top).  

We observed that at normal and 15° AOI, BTDF is bounded along the paraxial 

region between ±0.1°, while wide-angle scatter has increased for all rough samples (Figure 

3.10 middle). Applying a change of coordinates to directional cosine space and plotting the 

BTDF as a function of shifted angle (β-β0), the paraxial region between samples can be 

contrasted (Figure 3.10 bottom). It is noted that the error in the BTDF distributions at non-

normal incidence is due to a reflected spot from the detector. 

Similarly, bidirectional reflection distribution function (BRDF) was measured for 

mechanically roughened samples and compared to commercially available mirrors (Figure 

3.11). Data was collected at 15° AOI, due to occultation of the specular region by the 

detector at normal incidence, and converted to radiant intensity, through multiplication of 

the scatter distribution with the sample’s projected illumination area. Wide-angle scatter of 

the rough samples is increased by three orders of magnitude, compared to the optically flat 

substrate, six orders compared to the polished mirrors, and two orders in the paraxial region. 

For the rARSS samples, the reflected specular peak was suppressed by 50% compared to 

their optically flat counterpart. 

Optical interfaces with surface features on the order of the probing wavelength 

dimension will diffract light as it passes though the surface, diffusing it into a wider solid 

angle than an optically flat sample. When both surfaces are roughened, light scatters from 



45 

 

the front surface, then scatters a second time at the back surface. To confirm this, we 

compared single- and double-sided processed nano-roughened samples (Figure 3.12).   

 

Figure 3.10. Single rARSS sample has an enhancement of 3.5% at the scatter wavelength of interest (top). 

BTDF of the rARSS sample (solid line) compared to an optical flat (points) at normal, 15°, and 50° AOI. 

rARSS sample has enhanced trasnmission and narrow paraxial scatter, compared to the polished surface, but 

with increased wide angle scatter (middle). Limiting the abscissa and converting the collection angle to shifted-

beta shows the shift-invariance of measured scatter (bottom). 
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Figure 3.11. BRDF of selected rARSS samples compared to optical flat, gold mirror, and dielectric mirror. 

Compared to the optical flat, the rARSS wide angle scatter is increased by three orders of magnitude, while it 

has increased by two orders of magnitude in the paraxial region. For the rARSS samples, the specular peak 

was suppressed by 50% compared to their optically flat counterpart. 

 

Figure 3.12. Comparison of single-surface processed (grey) nano-roughened ARSS samples to their double-

sided processed (red) ARSS counterpart and optical flat (black). The amount of scatter increases with added 

surface roughness and is the higher for the double-sided roughened sample.  
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Processed ARSS samples were produced using identical fabrication methods for 

each substrate side, so that the final surface spatial feature distributions and sizes were 

identical. Samples with only one structured side were placed on the CASI holder, such that 

the structured-surface normal vector was antiparallel to the incident light wavevector (facing 

the detector) to help isolate scatter induced by the scattering interface to round-trip inside 

the substrate bulk before it transmits through. Figure 3.12 shows a comparison of the single-

surface processed nanorough scatter distribution to scatter from an optically flat fused silica 

wafer. The amount of scatter is larger for the double-sided ARSS processed sample. 

3.3: Surface Scatter in the Mid-wave Infrared 

The second part of the study seeks to examine scatter from structured IR materials 

in the MWIR wavelength band. To do this, we measured BTDF using a vertically polarized, 

3.39 µm, IR HeNe laser at 0°, 15°, 30°, 45°, and 70° AOI, sweeping AOC from -90° to +90° 

around the specular direction. For transmissive scatter, the nanostructured sample is 

compared to scatter from an optical-quality polished surface counterpart. Nanostructured IR 

samples were prepared by Nanohmics Inc.(Austin, TX), using the “thermodot” method 

introduced in Chapter 2. Transmission and reflection spectra are included alongside 

scatterometer data for the nanostructured samples, using the methodology outlined in 

Chapter 2. Fabrication parameters were optimized to achieve maximum possible 

transmission enhancement in the MWIR and were characterized using optical profilometry 

(Figure 3.13) and spectrophotometry. 
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Figure 3.13. LEXT confocal images of infrared windows with different surface feature size scales, measured 

with 405 nm laser illumination. 

 

Measured BTDF for each sample is plotted using the conventions listed above, for 

comparison of surface roughness scatter effects at selected AOI (Figures 3.14 and 3.15). 

The measured data was normalized to the instrument axial transmission signature at the test 

wavelength. Due to limitations in the setup, data was not distinguishable from noise at 

values <10-9 sr-1.  

3.3.1: Diffuse Surface Infrared Scatter 

Fused silica and Si ground glass BTDF measurements provide a baseline for the 

scattering characteristics of a surface with features comparable to the incident wavelength 

(Figure 3.14). Figure 3.15 compares flat and nanostructured surface BTDF at each AOI. 
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Both ground glass substrates scattered light off the axial direction. The mechanically 

ground FS average feature height was comparable to the probing wavelength and resulted 

in paraxial broadening of the radiance. Ground Si features were approximately 10-times 

smaller than the probing wavelength and produced more uniform wide-angle scatter than 

ground FS. Based on the literature, ground substrates were expected to diffuse light 

significantly in the visible regime [25]. MWIR wavelengths are on the order of five to eight-

times larger than visible light, therefore the relevant roughness will change the light 

diffraction profile beyond the interface. The specular peak is much greater than the 

surrounding shoulders, unlike the BTDF measurements shown in Figure 3.3. BTDF wide-

angle scatter peak shifts its angular position away from the specular as AOI increases, 

similar to trends seen in Figure 3.9. 

 

Figure 3.14. BTDF of ground glass samples normal (black), 15° (red), 30° (gray), 45° (dark red), and 70° 

(teal) AOI. Fused Silica (left) and Si (right) ground glass BTDF provide a baseline for the scattering 

characteristics of a surface with features comparable to the incident wavelength. Ground Si, which has a peak 

depth comparable to the incident wavelength, scatter distribution values span five orders of magnitude 

compared to nine orders difference between peak and side angle scatter values for ground FS. 

 

3.3.2: Nanostructured Surface Infrared Scatter 

Each rARSS sample exhibits reflectivity suppression over the measured wavelength 

band. The rARSS enhanced Si has transmission enhancement in the MWIR band, whereas 

rARSS Ge does not exhibit enhancement until the LWIR. All samples have non-negligible 

loss due to scattering, with rARSS Ge having the most prominent scattering edge at shorter 
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wavelengths. Si has scatter losses over the entire measured wavelength band. Due to 

additional scatter, the overall enhancement of each sample’s transmission is less than 

optimal theoretical values. Calculation of energy loss due to scatter is required to quantify 

the performance of rARSS for fabrication process optimization; however, it does not predict 

where light is scattered after incidence on the surface, which is important to understand the 

mechanism with which the structured surfaces will impact optical system performance. 

Spectral data shows rARSS Ge scattered significantly more in the MWIR than 

polished Ge (Figure 3.15 top left), and is replicated in the wide-angle BTDF data (Figure 

3.15 top right) which has scatter on the order of 10-7 compared to the flat sample’s wide-

angle scatter (Figure 3.13 top middle), which is below the noise floor of the measurement. 

Axially, flat and rARSS Ge differences were negligible. rARSS Si axial transmission and 

wide-angle scatter is unperturbed compared to flat Si (Figure 3.15 bottom left). Wide-angle 

scatter of rARSS Si is expected based on the calculated TIS shown in Figure 3.15 bottom-

left, but is nearly unresolvable in transmission mode (Figure 3.15 bottom right). 
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Figure 3.15. Spectra of the flat and processed rARSS samples (top) and their BTDF at wavelength labeled in 

the spectral graphs. Optical flat (middle row) and rARSS (bottom row) BTDF at normal (black), 15° (red), 30° 

(gray), 45° (dark red), and 70° (teal) AOI are presented. rARSS samples had enhanced transmission and 

narrowed paraxial scatter than the flat. Ge rARSS (bottom right) substrates have increased wide angle scatter 

while Si rARSS (bottom left) scatter is nearly unresolvable by the setup. 

 

3.4: Discussion of Scatterometry Measurements 

Uncertainty in BSDF measurements presents a difficulty in obtaining absolute 

scatter data [24]. These uncertainties can arise from many different sources, including 

incident flux variations, detector noise, and non-linear responsivity, background noise 

fluctuations, and sample/detector plane misalignment. Generally, measurements are 

compared with respect to relative behavior, rather than absolute values, which can have up 

to an order of magnitude variance under adverse conditions.  

Si flat

λ = 3.39 μm

θi = 0 

θi = 15 

θi = 30 

θi = 45 

θi = 70 

Si rARSS

λ = 3.39 μm

θi = 0 

θi = 15 

θi = 30 

θi = 45 

θi = 70 

Ge flat

λ = 3.39 μm

θi = 0 

θi = 15 

θi = 30 

θi = 45 

θi = 70 

Ge rARSS

λ = 3.39 μm

θi = 0 

θi = 15 

θi = 30 

θi = 45 

θi = 70 

Ge

TrARSS

RrARSS

ΣrARSS

T0

R0

Σ0 = 0

λ = 3.39 μmSi

TrARSS

RrARSS

ΣrARSS

T0

R0

Σ0 = 0

λ = 3.39 μm



52 

 

Proper alignment of the CASI considers the effects of guiding light source energy 

through many optical components, such as spatial filtering through a circular pinhole before 

focusing, that will have an impact in the quality of the CASI system signature. Any deviation 

from the expected output, such as biasing to one hemisphere or nonuniformity from the 

expected distribution, is accounted for in the measurement, and careful alignment is 

conducted to minimize the impact of misalignment. Azimuthal and polar misalignment 

stems from manual alignment of the sample by its retroreflection. Any tilt of the sample 

displaces the beam from its intended detection plane and offsets the central lobe of the 

BSDF. Offset of the detector to compensate for the displacement is possible but can present 

issues if the detector plane is not parallel to the incoming wave vector.  

Detector nonlinearity and background noise can be an issue when taking low-power 

BSDF measurements. For example, liquid-nitrogen-cooled detector responsivity can vary 

as the detector begins to heat up, leading to unresolvable low power signals. Similarly, a hot 

room can produce thermal background (noise) that overcomes low power IR sources. 

Taking note of the instrument signature can provide insight into the outcome of a scattering 

distribution measurement.  

The BSDF can span nine or more orders of magnitude due to the detector’s variable 

gain settings and aperture solid angle that ranges from 10-4 to 10-8 sr (BSDF ∝ 1/ω); if the 

error is within an order of the normalized BTDF peak value, radiant power is discriminated 

in the paraxial and wide-angle region. Meaningful comparisons of scattering profiles 

between flat samples and rough samples are possible through qualitative observations. For 

rough surfaces, the wide-angle scatter is differentiated from the polished samples by an 

increase in its magnitude. However, this is not the case for comparing scatter between 
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rough samples, where the surface feature distributions are similar, but not equal, and the 

wide-angle scatter increase is nearly equal.   

Comparison of relative scattering trends between samples is important, in the 

context of rationalizing the performance of an optical window due to the presence of 

roughness. In cases of randomly roughened optical window surfaces, modeling of the 

absolute scattering performance is difficult, due to the limits of the statistical parameters 

with which we define the random surface. The conventionally used rms-roughness (Sq) 

measure is useful to qualify nanostructured surfaces due to the Gaussian distribution of 

transverse features; however, extending the rms-measure as a single quality parameter can 

mask distinct surface scattering effects, when the surface feature size distribution is of the 

order of the incident wavelength. 

rARSS peak BSDF value is shift-invariant to oblique AOI (>70°), unlike diffuse 

ground glass samples presented here and in Harvey’s work [35]. Scatter effects depend 

largely on the roughness size scale compared to the incident wavelength of light, and 

relevant spatial frequencies on the sample's surface determine if the incident light diffracts. 

Although the nanorough surface features diffract light, most of the light propagates 

paraxially, unlike ground glass samples whose features will act like a collection of random 

weak gratings. This may be due to the subwavelength structures producing evanescent 

orders which recouple into the zero order, much like a grating component does. 

3.5: Conclusions 

In this chapter scatterometry was used to measure the surface scatter performance 

of samples with varying magnitudes, ranging from optically flat to diffuse microrough 

(mechanically ground) over the equatorial plane of incidence, using a directional scatter 
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instrument. The nanostructured surfaces have lateral cross-sectional features which are on 

average dimension within one order of magnitude to the incident wavelength, a scale that 

requires measurement of directional scatter, to determine the incident irradiance re-

distribution beyond the optical surfaces, in both the forward and backward direction. 

For rARSS, intensity is scattered into wide AOC, and simultaneously the transmitted 

paraxial intensity distribution is confined, leading to an enhancement of the window’s 

transmission. While rARSS is useful for reducing reflected light, multiplicative scatter 

present in samples with roughened front and back interfaces may give rise to issues in image 

resolution or contrast for imaging systems with many optical components, especially at 

ultra-high sensitivity systems. 

Relevant spatial frequencies near the incident radiation wavelength value result in 

observable diffraction effects, which distribute light into wide-angles from the axial 

direction, whereas mid-spatial frequencies are responsible for axial scatter effects. Spectral 

measurements can provide insight into axial or specular performance of a substrate; 

however, it is difficult to quantify the direction of the resulting scattered light. Band-limited 

scatterometry measurements can give insight into the mechanisms of light scatter and give 

quantitative data on where light is distributed after it is incident on an optical surface.  

Off-axis specular performance in optics is examined using the conventional general 

fundamentals of optical scatter. Residual surface roughness, subsurface scatter from 

coatings, particulate scatter and bulk scatter due to index fluctuations, all need to be 

considered when characterizing the transmissive or reflective performance of an optical 

component [20]. While scatter can be detrimental to the performance of an optical system, 
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it can also be used to preferentially suppress physical properties of optical interfaces by 

selectively adding features to produce a controlled scattering effect. 

Chapter 4 explores the Generalized Harvey Shack surface scatter theory, using the 

statistical properties of the surface obtained through profilometry. Results shown in Chapter 

3 are compared to modeled results based on a linear systems approach of scaler diffraction 

theory. The theory is applied to optically flat, micro-rough, and nanorough surfaces, to 

access diffractive scatter for different feature size scales. 
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CHAPTER 4: MODELING OPTICAL SCATTER 

4.1: Introduction 

The Generalized Harvey-Shack (GHS) surface scatter theory is a linear-systems 

transfer function approach that computes the angular redistribution of light after reflection 

or transmission from a statistically “rough” interface [20,34-36]. Using GHS one may 

obtain light scatter distributions from a rough interface within the far field approximation, 

by simply taking a Fourier transform of a complex pupil function, which is described by 

statistical quantities. 

4.1.1: The Generalized Harvey-Shack Surface Scatter Theory 

GHS defines the surface transfer function (STFs) as: 

𝑆𝑇𝐹𝑠(�̂�, �̂�, 𝛾𝑖, 𝛾𝑠) = 𝑒
−(2𝜋�̂�(𝑛𝑖𝛾𝑖−𝑛𝑠𝛾𝑠))

2
(1−

𝐴𝐶𝑉𝑠(�̂�,�̂�)

𝜎𝑠
2 )

, (4.1) 

where ni and ns describe the incident and scattering medium index of refraction, �̂� and �̂� 

are wavelength-normalized spatial coordinates of the surface, σs and �̂� are the rms 

roughness of the surface and its wavelength-normalized value, ACVs is the autocovariance 

of the surface height profile, and:  

𝛾𝑖 = 𝑐𝑜𝑠 𝜃𝑖 and 𝛾𝑠 = 𝑐𝑜𝑠 𝜃𝑠 = √1 − 𝛼𝑠
2 − 𝛽𝑠

2, (4.2) 

are direction cosines, with θi and θs are the incident and scattering angles respectively. 

The STFs can be separated to its specular and diffuse components, and Fourier-

transformed to obtain an ASF, which is the angular distribution of light in cosine space, 

given by: 

𝐴𝑆𝐹(𝛼𝑠, 𝛽𝑠) = 𝑭{𝑆𝑇𝐹𝑆(�̂�, �̂�, 𝛾𝑖 , 𝛾𝑠)𝑒−𝑗2𝜋𝛼𝑜�̂�}|
𝛼=𝛼𝑠,𝛽=𝛽𝑠

, (4.3) 
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where αs and βs represent cosine space coordinates and αo = sinθo, where θo is the specular 

angle that varies depending on the incidence angle as well as the desired hemisphere for 

calculating the scatter distribution. 

In the case of reflection, the law of reflection can be applied such that: θo = – θi. 

For transmission through a single interface, Snell’s law is applied to account for refraction 

of the beam at the interface, therefore θo = arcsin(nisinθi/ns). Radiant intensity is obtained 

by multiplication of the final ASF distribution with the cosine of the collection angle.  

4.1.2: Surface Feature Descriptions 

Of particular importance for the GHS theory is the ACV and PSD of the surface, 

which describe the spatial distribution of surface features. A height map profile of a 

surface, obtained via profilometric methods, can be used to calculate a PSD by taking the 

2D-Fourier transform of the surface height profile. Likewise, ACV is obtained by taking a 

normalized 2D-autocorrelation of the surface profile. Mathematically, the ACV and PSD 

are a Fourier transform pair: 

𝐴𝐶𝑉(𝑥, 𝑦) = 𝑭{𝑃𝑆𝐷(𝑓𝑥, 𝑓𝑦)}. (4.4) 

For high-resolution maps of surface height profile measurements, a Fourier 

transform (or serial multiplication) algorithm can be computationally intensive; 

alternatively, characteristic equations which take into account the statistics of a structured 

surface can provide a suitable approximation for calculations. It has been shown that 

random rough surfaces generally have Gaussian distributions of scaled features and can be 

approximately characterized by the surface root-mean-square roughness parameter Sq, 

referred to as σs above [19]. If a surface is well defined by Gaussian statistics, the ACV and 
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PSD can be modeled by a characteristic Gaussian equation that incorporates those 

measured experimental surface roughness parameters such that: 

𝐴𝐶𝑉𝑆(�̂�, �̂�) = 𝜎𝑠
2𝑒

−
(�̂�2+�̂�2)

ℓ̂𝑐
2

, 
(4.5) 

where 𝑙𝑐
  is the wavelength-scaled autocorrelation length of the surface. The analytical 

Fourier transform of Equation 5, yields: 

𝑃𝑆𝐷(𝑓𝑥 , 𝑓𝑦) = 𝜋𝜎𝑠
2ℓ𝑐

2𝑒−𝜋2ℓ𝑐
2(𝑓𝑥

2+𝑓𝑦
2) (4.6) 

These approximate forms are useful for describing the surface but may not fully 

encompass the surface feature distribution, due to bandlimited measurements and other 

approximations used in roughness parameter numerical analysis, therefore it can be useful 

to obtain surface roughness information from multiple measurement sources [29,35].  

The methods of scatter measurement are inherently limited based on the wavelength 

of light used to probe the surface as well as the incident angle of light, which causes a 

projection of the surface features to the incident beam profile. The relevant, or bandlimited, 

roughness of the surfaces with respect to those experimental parameters is: 

𝜎𝑟𝑒𝑙(𝜆, 𝜃𝑖) = √∫ ∫ 𝑃𝑆𝐷(𝑓𝑥, 𝑓𝑦)𝑑𝑓𝑥𝑑𝑓𝑦

+√
1

𝜆2−(𝑓𝑥−𝑓𝑜)2

−√
1

𝜆2−(𝑓𝑥−𝑓𝑜)2

(𝑓𝑜+
1

𝜆
)

(𝑓𝑜−
1

𝜆
)

, (4.7) 

where λ is the wavelength of light incident at the surface, fx and fy are spatial frequency 

coordinates of the surface, and fo  = sinθo/λ is the shifted central coordinate of the 

bandlimited portion of the PSD. For spatial frequencies greater than 1/λ, scattered light 

becomes evanescent, therefore irrelevant to the angular distribution of propagating light. 
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4.1.3: Recoupling of Evanescent Energy 

When light falls outside of the unit circle in cosine space, the angular light 

distribution must be renormalized to account for losses due to evanescence, and the 

recoupling of energy into lower diffraction orders. To do this, we take the ratio of all the 

light within the scatter hemisphere and the light contained within defined cosine space, 

𝐾{𝑇,𝑅} =
{𝑇, 𝑅}

∫ ∫ 𝐴𝑆𝐹(𝛼, 𝛽)𝑑𝛽𝑑𝛼
+√1−𝛼2

−√1−𝛼2

+1

−1

 (4.8) 

where T and R represent the power (intensity) transmission and reflection coefficients 

whose formulas can be found elsewhere [33-34]. The numerator in Equation 4.8 is equal 

to unity when considering conservation of energy of the system (for perfect reflection or 

transmission); however, when considering lossy metals, dielectrics, or semiconductors, the 

inherent material losses at an optical interface will cause the reflected or transmitted light 

within the hemisphere to be less than unity. Therefore, the theoretical total percentage of 

light in the numerator must be material dependent and therefore can be approximated by 

the Fresnel equations. 

Information on the GHS is widely available in the literature and this 

implementation was verified using data and results published by Harvey and others [20,36-

37]. At a minimum, calculation of the surface scatter distribution requires measurement of 

the surface height profile, which can be used to calculate the PSD, ACV, and surface 

roughness parameters. In other words, it is necessary to know the morphology of the 

surface to understand how it scatters light. 

4.2: Surface Profile Characterization 

Nanostructured surfaces were imaged using a SEM, at 10kV and 50,00x/20,00x for 

FS/Si, respectively, to view the top-down distribution of transverse features (voids and 
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islands). Two sets of granulometry results were obtained from the micrographs, one for 

islands and another for voids, by clustering pixels to octagons of scaled diameters 

(granules) and counting the feature populations by size (Figure 4.1). rARSS transverse 

granules in FS samples ranged from 2-60 nm, with a maximum diameter of 40 nm for both 

voids and islands. Si rARSS voids were ~50% larger than islands, with a maximum 

diameter of 170 nm for voids and 110 nm for islands. Based on these granulometric 

histograms, FS rARSS features are fine and dense due to the existence of equal number of 

similarly sized islands and voids. Si rARSS can be classified as fine and sparse, as there 

are a greater number of voids than islands, and the voids are statistically larger in diameter 

compared to the islands. All transverse features for rARSS were subwavelength (<λ/10) 

for the spectral regions of interest. 

 

Figure 4.1. SEM micrographs of rARSS in: (A) – fused silica and, (B) – silicon. The corresponding 

granulometric normalized (to the measured areas) histograms are shown as (C) and (D). The red bars indicate 

island distributions, and the black bars void distributions. 
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4.2.1: Optical Profilometry of Structured Surfaces 

For the GHS surface scatter theory, it is necessary to obtain surface feature height 

data to use as input for the GHS calculation. Although SEMs discern transverse feature 

data, the field of view is small and is unable to generate meaningful height data. This is 

due to the limited viewing angles of the SEM, requiring approximation of the surface 

features, and uncertainty in height profile fidelity because surface features are destroyed 

by cleaving of the sample edge prior to imaging the facet. For these reasons, the surface 

height profile was measured using non-destructive optical profilometry.  

Si and FS substrates with varying magnitudes of surface roughness were imaged 

via confocal microscopy (LEXT 5000, Olympus, Shinjuku City, Tokyo, Japan) at 100x 

magnification, and surface roughness parameters were obtained by analyzing the surface 

using the instrument software and verified with in-house calculations. Figure 4.2 includes 

images of six representative substrates (three FS, three Si, one of each roughness type) used 

in this study: optical-quality double-sided mechanically polished wafer (polished), a 

similar optical-quality single-sided mechanically ground substrate, and a random 

nanostructured sample with both sides processed with rARSS (rARSS). 

Samples shown in Figure 4.2 were analyzed via Olympus LEXT software to 

produce a compilation of surface conventional roughness parameters in Table 4.1. The 

roughness parameters of interest include peak-to-valley height (Sz), root mean square 

height (Sq), arithmetic average height (Sa), autocorrelation length (Sal), and texture aspect 

ratio (Str). 
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Table 4.1. Selected surface roughness parameters obtained from analysis of UV confocal microscope images. 

Label Sample Sq (µm) Sa (µm) Sz (µm) Sal (µm) Str 

A Polished FS 0.005 0.004 0.059 9.313 0.588 

B Unpolished FS 0.907 0.724 6.748 5.828 0.914 

C rARSS FS 0.038 0.031 0.429 21.781 0.842 

D Polished Si 0.007 0.006 0.054 13.250 0.328 

E Unpolished Si 0.663 0.520 6.312 6.203 0.928 

F rARSS Si 0.067 0.051 1.050 21.375 0.810 

 

Polished samples had measured feature height values <10 nm, consistent with 

optical-quality flatness specifications. Ground samples had an Sq 100-times larger than 

their polished counterpart, on the order a micron and comparable (>λ/10) in the wavelength 

band of interest. Comparatively, nanorough rARSS Sq were 10-30 times smaller than the 

ground substrates and were sufficiently smaller than the wavelength of interest to be 

considered subwavelength (<λ/10).  

Ground and rARSS samples were isotropic (Str = 0.928 and 0.81 for Si; Str = 0.914 

and 0.842 for FS; respectively).  For these samples, uniformity can be attributed to the 

crystalline-like unpolished side of the Si and FS ground glass and the random-distribution 

mask used for fabricating the rARSS sample. Unusually, polished Si and FS samples Str 

values were not consistent for isotropic roughness samples (Str = 0.588 and 0.328, 

respectively). A low-valued Str may be due to leftover polishing lines present on the sample 

or environmental contamination. Str is a ratio of the direction of fastest decay of the Sal to 

the direction of slowest decay, therefore any abnormally large feature (dust) can skew the 

value. It is noted that the samples have a different surface roughness lateral distribution as 

well, as shown in Figure 4.1, but the specific values are not well represented by height and 

spatial surface roughness parameters. Surface roughness parameters were used as inputs 

for the GHS scatter theory where applicable (Equations 4.1, 4.5-4.6) 
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Figure 4.2. LEXT confocal images of polished FS (A), unpolished FS (B), rARSS FS (C), polished Si (D), 

unpolished Si (E), and rARSS Si (E) at 100x magnification. For reference, rARSS images (C and F) include 

inset of their respective SEM image shown in Figure 1. Images were processed using accompanying LEXT 

software to obtain selected surface roughness parameters shown in Table 4.1.  
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Experimental PSD was calculated by Fast Fourier transform (FFT) of the surface 

height map profile and Gaussian PSD were calculated by inserting surface roughness 

parameters into a characteristic Gaussian equation for random systems (Equation 4.6). PSD 

were then used to calculate the relevant roughness of the surface. Calculated PSD from 

experimental data and Gaussian two-parameter model are compared to assess applicability 

of the approximation to the samples of interest (Figure 4.3). Polished samples experimental 

PSD exhibit inverse power law behavior, not at all in agreement with the Gaussian model 

for a smooth surface. Low-frequency PSD for ground glass looks more Gaussian-like but 

the high spatial features follow inverse power behavior. rARSS PSD has a low spatial 

Gaussian lobe with Lorentzian shoulder extending to the high spatial regime. The cutoff 

frequency (f0 = 1/ λ) indicates the wavelength band stop for examining optical surface 

scatter effects and is used as a filter to calculate the relevant roughness of the surface 

(Equation 4.7). 

Autocorrelation of the surface height map profile via explicit serial multiplication 

of the height data was used to obtain the surface ACV (Figure 4.4). ACV output array size 

was truncated to the 4096 x 4096 central square of the array to remove padding due to shift 

multiplication process. Gaussian ACV was produced by inserting surface roughness 

parameters into a characteristic Gaussian equation for randomly rough surfaces (Equation 

4.5). Polished and ground samples experimental ACV array slices, taken in the y = 0 µm 

plane, and Gaussian ACV have similar distributions with peak value of approximately the 

variance of the surface height profile. rARSS ACV distributions exhibit a strong delta-like 

central peak, with Lorentzian function shoulders. The calculated ACV dictates the form of 
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the surface transfer function (Equation 4.1); therefore, we can expect the rARSS samples 

to scatter most of the light axially, with some light being distributed into wide angle scatter.  

 

 Figure 4.3. Polished FS (A), unpolished FS (B), rARSS FS (C), polished Si (D), unpolished Si (E), and 

rARSS Si (F) experimental PSD (black) was calculated by FFT of the surface height map profile and 

Gaussian PSD (red) was calculated by inserting surface roughness parameters into a characteristic Gaussian 

equation (PDF) for random systems. PSD cutoff frequency (vertical black dotted line) at normal incidence 

for the experimental wavelength of interest is shown for visualization of limits for calculation of the relevant 

roughness of the surface. 
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Figure 4.4. Polished FS (A), unpolished FS (B), rARSS FS (C), polished Si (D), unpolished Si (E), and 

rARSS Si (F) experimental ACV was calculated via serial multiplication of the measured surface height map 

profile. (Left) Three-dimensional output of ACV calculation. (Middle) Top-down visualization of 

experimental ACV. (Right) Comparison of experimental ACV (black) array slice taken in the y = 0 µm plane 

and Gaussian ACV (red).  
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4.3: Spectral Scatter Characterization 

FS spectral data was obtained by averaging (n = 200) spectra over the visible to 

near-infrared (NIR) (400-1000 nm) wavelength band at 20.0 cm-1 resolution. Si spectral 

data was obtained by averaging (n = 100) spectra over the NIR to MWIR (2-6 μm) 

wavelength band at 4.0 cm-1 resolution. Substrates of interest have normal dispersion over 

the measurement bands, therefore T(λ) + R(λ) + Σ(λ) ≅ 1. Atmospheric absorption in the 

IR contributes to losses in those specific bands and the effect is compounded when using 

experimental spectral data to calculate TIS.  

Based on the measurements and spectral analysis conducted in Chapter 2, rARSS 

samples were known to have transmission enhancement at normal incidence, as well as an 

increase in off-axis scatter (Figure 4.5). In the case of FS, the maximum transmission (T = 

0.988 at λ = 500 nm) with negligible specular reflection. TIS calculated from measured 

data indicates some light falls out of the specular region (Σ = 0.012 at λ = 500 nm), still 

within the tolerances of the spectrophotometer. Similarly, rARSS Si exhibits transmission 

enhancement (T = 0.81 at λ = 3.5 µm) as well as an increase in off-axis scatter (Σ = 0.11 at 

λ = 3.5 µm).  

 

Figure 4.5. FS (left) and Si (right) of polished and nanoroughened rARSS samples normal incidence axial 

transmission (T(λ)), 15° AOI specular reflection (R(λ)), and calculated TIS (Σ(λ)). 
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To compare, theoretical TIS is calculated at normal incidence using the sample Sq 

and wavelength band of interest and normalized to the maximum TIS calculated from 

experimental spectra (Figure 4.6). Reflective TIS is defined as  

𝑇𝐼𝑆 ≈ (
4𝜋𝑐𝑜𝑠𝜃𝜎

𝜆
)

2

 
(4.9) 

where σ is the rms roughness of the surface, θ is the AOI of light, and λ is the incident 

wavelength of light. 

Experimental TIS has larger values at shorter wavelengths, decaying with 

increasing wavelength, consistent with the decaying exponential behavior used for the 

theoretical TIS. However, there is a slight discrepancy between the slopes of the TIS 

curves. TIS calculated from measured spectra uses both transmission and reflection data, 

while the theoretical model only considers reflected scatter. For dielectric materials, it can 

be expected there is scatter on both the reflection and transmission side of the interface. 

Transmissive materials with surface scatter should experience a greater “loss” of light from 

the axial (specular) direction during measurements compared to purely reflective materials, 

leading to an increase in calculated TIS from measured data.  

 

Figure 4.6. Experimental TIS (grey) is compared to theoretical TIS (teal) for two rARSS samples. (Left) 

Theoretical TIS for rARSS FS matches the trend of experimental TIS for shorter wavelengths. (Right) 

Theoretical and experimental TIS follow similar 1/e2 trends, but with mismatched slopes. 
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4.4: Modeled Scatter using the Generalized Harvey-Shack Theory 

GHS theory was implemented in MATLAB and data gathered from analysis of the 

images in Figure 4.2 was used as inputs for calculation of the ASF for each sample. 

Algorithmic implementation of the theory involves generous use of the MATLAB FFT 

function, which is used to transform the measured surface height map profile into a PSD 

or ACV (depending on calculation method), and the STF into the ASF.  

After importing measured height map profile data and user defining input variables 

including Sq and Sal surface roughness parameters, AOI, incident wavelength, and material 

properties, the GHS routine is initialized and an ASF is calculated. Scatter distribution 

volumetric intensity (total transmission or reflection over 2π sr) was normalized to the 

material Fresnel transmission coefficient at normal incidence for comparison. ASF and 

BSDF are converted to radiant intensity and compared to assess the Gaussian two-

parameter model of scatter with measured scatter data. 

As we recall from Chapter 3, the BSDF was measured using a polarized-laser 

scatterometer (CASI, Scatterworks, Tucson, AZ). BSDF is commonly used to quantify 

scattered light distributions resulting from light incident on roughened surfaces. It is 

defined in radiometric terms as the scattered radiance (L) per incident irradiance (E): 

𝐵𝑆𝐷𝐹 =
𝐿(𝜃𝑠, 𝜑𝑠, 𝜃𝑖 , 𝜑𝑖)

𝐸(𝜃𝑖 , 𝜑𝑖)
=

𝛥𝑃(𝜃𝑠, 𝜑𝑠)
𝛥𝜔𝛥𝐴 𝑐𝑜𝑠 𝜃𝑠

𝑃(𝜃𝑖, 𝜑𝑖)
𝛥𝐴

⁄  (4.10) 

where θi, φi, θs, φs, define the incident and scattering angles, ω is the detector solid angle, 

ΔA is the area element of the scattering surface, ΔP denotes the radiant power collected by 

the detector, and P is the incident radiant power illuminating the area element [21]. 
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Radiometrically, measured BSDF (Eq. 4.10) and calculated ASF (Eq. 4.3) are the 

same physical quantity [35]. Therefore, conversion of BSDF and ASF to radiant intensity 

requires multiplication of the BSDF and the sample’s projected area with respect to the 

detector as it sweeps across the hemisphere. Although BSDF is dependent on the incident 

irradiance, the power and area of the incident spot does not change during a single AOI 

measurement, therefore measured BSDF is scaled by a cosine term to obtain normalized 

intensity. All samples shown in Figure 4.2 were measured using the CASI scatterometer in 

transmission mode to obtain bidirectional transmission distribution function (BTDF) data at 

varying angles of incidence.   

The GHS-theory computer code was benchmarked using standard diffusers to 

determine fidelity of the code implementation. Ground samples were tested using the ACV 

and PSD calculated from experimental height map data and a characteristic equation 

representing a Gaussian distribution of the data (Figure 4.7-4.8). The specular component 

was omitted for ground samples, and the distributions were normalized for better 

comparison of off-axis scatter distribution. For ground FS at moderate angles of incidence, 

the theory fits well for Gaussian parameter model of the height distribution and the raw 

experimental height data (Figure 4.7). For predicted Gaussian scatter data, the angle of 

collection for the peak intensity shifts away from experimental scatter data as angle of 

incidence increases. Scatter distribution full width is approximately equal in all cases, 

signaling good agreement of the theory with measured results.  
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Figure 4.7. Calculated ASF (solid line) using a Gaussian model of the surface ACV (left) and experimentally 

derived ACV (right) is compared to measured BTDF (points) at 633 nm for ground FS samples at normal 

(black), 15° (red), and 50°(grey) AOI. The specular (axial) transmitted angle is notated by a vertical dotted 

line. Specular peak is suppressed for experimental data and scatter distributions were normalized for 

comparison of measured and simulated data. 
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Figure 4.8. Calculated ASF (solid line) using a Gaussian model of the surface ACV (left) and experimentally 

derived ACV (right) is compared to measured BTDF (points) at 633 nm for ground Si samples at normal 

(black), 15° (red), and 50°(grey) AOI. The specular (axial) transmitted angle is notated by a vertical dotted 

line. Specular peak is suppressed for experimental data and scatter distributions were normalized for 

comparison of measured and simulated data. 
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Similar trends are seen with ground Si data; however, ground silicon, with a 

roughness of ~λ/5, has a much stronger specular component in the measured data which 

causes discrepancy with the theoretical scatter distribution (Figure 4.8). Ground sample 

features were approximately 1.5-times larger for FS and 5-times smaller for Si than the 

probing wavelength of the scatterometer. As such, those features were expected to diffract 

visible light, but not necessarily IR, as noted for Si measurements. Ground-Si experimental 

diffuse scatter distribution appears to be Gaussian-shaped, but the specular peak is much 

greater than the surrounding shoulders. Ground-Si BTDF diffuse scatter peak value shifts 

its angular position away from the specular as AOI increases, like data seen in the literature 

for diffuse surfaces [38]. 

Polished substrates are expected to have very little wide-angle scatter with a strong 

specular response; therefore, they are useful for accessing code fidelity for the opposite 

roughness regime. For both the Gaussian parameter model and experimental height data for 

a flat FS surface, GHS theory predicts a highly specular scatter distribution, but with some 

discrepancies in the order of magnitude of the scatter distribution (Figure 4.9). The GHS 

correctly predicts the location and shape of the distribution; however, it is unable to match 

the contrast of the specular peak to the wide-angle scatter. For the polished Si, the Gaussian 

parameter model predicts no scatter off axis while the experimental height data traces the 

shape and relative magnitude of the measured data (Figure 4.10). Again, the specular peak 

and wide-angle contrast for the calculated data does not match measured data. 

Polished Si roughness was well below the bandlimit to generate appreciable 

amounts of scatter. The specular component of the calculated scatter distribution contains 

most of the transmitted energy, like experimental results that have strong specular 
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response, but do not have the same contrast seen in the measured data. Experimental scatter 

instruments are limited by source beam divergence and other optical components (e.g., 

mirrors, apertures) which affect the signature of the instrument, and exhibit as a broadened 

specular beam compared to theoretical data.  

 

 

Figure 4.9. Calculated ASF (solid line) using a Gaussian model of the surface ACV (left) and experimentally 

derived ACV (right) is compared to measured BTDF (points) at 633 nm for polished FS samples at normal 

(black), 15° (red), and 50°(grey) AOI.  
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Figure 4.10. Calculated ASF (solid line) using a Gaussian model of the surface ACV (left) and experimentally 

derived ACV (right) is compared to measured BTDF (points) at 3.39 μm for polished Si samples at normal 

(black), 15° (red), 45° (grey), and 70° (dark red) AOI. 
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Figure 4.11. Calculated ASF (solid line) using a Gaussian model of the surface ACV (left) and experimentally 

derived ACV (right) is compared to measured BTDF (points) at 633 nm for nanostructured FS samples at 

normal (black), 15° (red), and 50°(grey) AOI.  
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Figure 4.12. Calculated ASF (solid line) using a Gaussian model of the surface ACV (left) and experimentally 

derived ACV (right) is compared to measured BTDF (points) at 3.39 μm for nanostructured Si samples at 

normal (black), 15° (red), 45° (grey), and 70° (dark red) AOI.  
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4.5: Conclusions 

rARSS samples axial transmission and wide-angle scatter is greater compared to 

their polished counterpart. rARSS also exhibits shift invariance with respect to AOI, with 

a narrowing of the axial scatter distribution as AOI increases. rARSS-FS calculated scatter 

using Gaussian two-parameter model and experimental height data agree with measured 

scatter data, with slight discrepancies in the specular beam width due to the assumption of 

a delta response in the axial direction (Figure 4.11). rARSS-Si Gaussian distributions do 

not match experimental data and fail to predict the diffuse scatter from the surface, as well 

as, the specular response (Figure 4.12). Scatter data using experimental height 

measurements traces the shape of the diffuse scatter, but does not indicate any strong 

specular response, suggesting the surfaces are purely diffuse, which is not observed in 

spectral nor scatter measurements. Although the contrast between specular and diffuse 

regions is less than expected, the axial transmission region contains most of the transmitted 

power, consistent with the antireflectivity of rARSS spectral measurements.  

Approximating ACV and PSD as Gaussian distributions assumes the surface 

roughness to be globally and rotationally isotropic. For the Str values shown in Table 4.1, 

ground samples are the most isotropic sample but the nanorough samples are also mostly 

isotropic. For most cases, it is a good assumption that the ASF is rotationally symmetric if 

the roughness is also isotropic. This can reduce the number of necessary computations 

significantly by simplifying the Fourier transform to a 1-D problem [39-41].  Rather than 

approximating the surface feature distribution to be Gaussian, the height profile can be 

leveraged to generate a PSD and ACV to then be used as inputs for the GHS theory. By 
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using the raw height data, the resulting scatter is no longer assumed to be due to globally 

isotropic roughness, as expected due to non-unity Str values. 

Implementation of the GHS surface scatter theory and its application to random 

antireflective nanostructured materials was achieved. Optical metrology and granulometry 

were used to obtain statistical roughness parameters and morphological histograms of the 

surface features (voids and islands distribution). The surface feature data was consistent 

with Gaussian statistics; however, Gaussian statistics model of the nanorough surfaces 

scatter was not in agreement with experimental data. Although the approximations were 

unsuccessful, there may be other characteristic equations which can be used to describe the 

surface feature distribution.  

Additionally, surface height map profile data was utilized to generate the necessary 

inputs for the GHS, but it was inconsistent with measured data due to limitations in the 

theory for sufficiently small and dense surface features with a strong specular response 

among its more diffuse scatter behavior compared to optically flat components. It was 

shown that the theory can predict redirection of light from specular to diffuse region but 

was unable to predict enhancement of light throughput in the axial direction, therefore 

additional testing is necessary to improve consistency of GHS to predict scatter from 

surfaces with subwavelength features.  
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CHAPTER 5: CONCLUSIONS 

5.1: Summary of Nanostructured Surface Spectral Characterization 

Characterization of nanostructured surfaces using spectrophotometry is standard 

practice for determining the transmission and reflection properties of axially propagaing 

light. By leveraging multiple measurements of both polished and structured surfaces, the 

surface-induced Fresnel reflectivity reduction, including additional bidirectional scatter 

was calculated for the presence of the single structured surface alone. Structured surfaces 

presented had measurable specular losses due to scatter in the MWIR while also enhancing 

the axial transmission throughput of the material. 

Suppression of the specular direction intensity does not imply an absolute 

enhancement of axial transmission through a nano-structured window; rather, an increase 

of the main- and side-lobe directional irradiance and angular spread is observed. Fresnel 

reflectivity of nanostructured AR surfaces is shown to be suppressed in the specular region, 

because light is redistributed from that specular region to wider angles and forward scattered 

to the transmission direction.  

As the wavelength of light increases compared to the size of the surface features, the 

suppression of the directional radiation is less prominent, while the side lobes maintain 

comparable values to the optically flat substrate. This trend is evident when examining the 

magnitude of scattering at single wavelengths or angles of collection; however, this does 

not uniformly scale with light scatter from short to long wavelengths.  

5.2: Summary of Experimental and Modeled Optical Scatter 

To gain a better understanding of the wide-angle scatter effects of nanostructured 

surfaces, scatterometry was used to measure the surface scatter performance of samples with 
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varying magnitudes, ranging from optically flat to diffuse microrough (mechanically 

ground) over the equatorial plane of incidence, using a directional scatter instrument.  

Ground glass surfaces that have surface roughness on the order of the incident 

wavelength of light diffusely spread light into the hemisphere, with very little retention of 

specular reflection and axial transmission peaks. For rARSS, intensity is scattered into wide 

AOC, and simultaneously the transmitted paraxial intensity distribution is confined, leading 

to an enhancement of axial transmission. Scatter is impacted (multiplicatively) by index 

contrast of ambient and substrate (material dependence) and leads to an increase in wide 

angle scatter effects. Additionally, scatter measurements verified the angular shift 

invariance of the scatter distribution from random antireflective nanostructured surfaces. 

The Generalized Harvey-Shack scatter model (GHS) was implemented for 

predicting transmissive scatter and tested the outputs for various roughness-scaled features 

Diffuse performance of optics was examined using statistical profilometric parameters as 

inputs for the Generalized Harvey-Shack surface scatter theory. The theory was applied to 

optically flat, micro-rough, and nanorough surfaces, to access diffractive scatter for different 

feature size scales. 

Scatter data using experimental height measurements traces the shape of the diffuse 

scatter, but does not indicate any strong specular response, suggesting the surfaces are 

purely diffuse, which is not observed in spectral nor scatter measurements. Although the 

contrast between specular and diffuse regions is less than expected, the axial transmission 

region contains most of the transmitted power, consistent with the antireflectivity of rARSS 

spectral measurements.  
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The surface feature data was consistent with Gaussian statistics; however, Gaussian 

statistics approximation of the nanorough surfaces scatter was not in agreement with 

experimental scatter data. Although the Gaussian model was unsuccessful, there may be 

other characteristic equations which can be used to describe the surface feature distribution. 

Surface height map profile data was utilized to generate the necessary inputs for the GHS, 

but it was inconsistent with measured data due to limitations in the theory for sufficiently 

small and dense surface features with a strong specular response among its more diffuse 

scatter behavior compared to optically flat components. Additional testing is necessary to 

improve consistency of GHS to predict scatter from surfaces with subwavelength features. 

For rARSS, reducing the surface to a collection of surface roughness parameters 

and maintaining fidelity of modeled surface scatter is not possible. It was shown that the 

theory can predict redirection of light from the specular to diffuse region but was unable to 

predict enhancement of light throughput in the axial direction.  
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APPENDIX B: EQUIPMENT SPECIFICATIONS 

 

  

SpecificationParameterLocationManufacturerInstrument

InfraredVisibleWavelength band

Billerica, MA, 
USA

Bruker
Vertex 80 

FTIR 
spectrometer

GlobarHalogen lampSource

DLaTGS
(0.833 µm – 40.0 µm)

(12000 cm-1 – 250 cm-1)

Si 
(400 nm – 1111 nm)

(25000 cm-1 – 9000 cm-1)
Detector (bandwidth)

KBr
(1.0 µm – 26.3 µm)

(10000 cm-1 – 380 cm-1)

CaF2

(200 nm – 2500 nm)
(50000 cm-1 – 4000 cm-1)

Beamsplitter

2.0 µm – 12 µm400 nm – 1000 nmExperimental bandwidth

2.0 cm-120.0 cm-1
Experimental spectral 

resolution

n = 100 samplesn = 200 samplesExperimental averaging

ReflectionTransmissionReflectionTransmissionModality

3.73 mm x 3.6 mm3.6 mm3.73 mm x 3.6 mm3.6 mmSpot size

15° AOI, 15°-60° AOC 0° AOI, 0° AOC, 15° AOI, 15°-60° AOC 0° AOI, 0° AOC, 
Angle of 

incidence/collection

1°1°
Angular resolution 

(reflection only)

HeNe Laser (633 nm) & IR HeNe Laser (3.39 µm)Source (wavelength)

Gresham ,OR, 
USA

Scatterworks

Complete 
Angle Scatter 
Instrument 

(CASI)
scatterometer

1.2 cm4.8 mm1.2 mm340 µmAperture size

4.306°-90°1.666°-4.306°0.564°-1.666°0.564°
Angular range

(± around specular)

0.478°0.185°0.063°0.013°Angular resolution

405 nmWavelength

Center Valley, 
PA, USAOlympusLEXT OLS5000

4096 x 4096Sampling

100x50x20x10xObjective

128 µm256 µm640 µm1.28 mmSampled area

0.950.950.600.30Numerical aperture

0.35 mm0.35 mm1.0 mm10.4 mmWorking distance

31.25 nm62.5 nm156.25 nm312.5 nmSpatial resolution

520.1 nm520.1 nm823.5 nm1647 nm
Diffraction limited 

resolution
(Rayleigh criterion)
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APPENDIX C: ADDITIONAL DATA 

Each of the following sets of data include spectrum for double-sided processed 

rARSS and polished (optically flat) counterpart, reflected spectral scatter, in both polar 

logarithmic (directional diagram) and cartesian logarithmic format, and full reflection 

spectra contour. CASI measured scatter data and comparison to modeled scatter 

distribution using the GHS scatter theory using experimental height map data is listed 

following individual sample spectral data. Following rARSS scatter data, additional 

reflection data for diamond-turned Al of various periodicity is shown. Lastly, Spectralon 

0.99 diffuse reflectance standard is shown as a reference for a nearly perfect Lambertian 

scattering surface. 

Table A.1. Profilometric data for IR rARSS samples. Selected surface roughness parameters were obtained 

from analysis of UV confocal microscope images. 

Sample S
q
 (µm) S

a
 (µm) S

z
 (µm) S

al 
(µm) S

tr
 

rARSS ZnSe 0.051 0.039 1.088 41.422 0.649 

rARSS ZnS 0.055 0.042 1.095 41.75 0.654 

rARSS GaAs 0.079 0.059 1.573 41.469 0.649 

rARSS Ge 0.102 0.071 2.389 39.359 0.616 

 

  



91 

 

 

Figure A1. IR spectra for double-sided processed rARSS ZnSe and polished ZnSe. 

 

 

Figure A2. Directional diagram of ZnSe reflected scatter at 4 µm (right) and 10 µm (left). Al mirror 

(dotted), Polished (black), and rARSS (red) samples are compared.  
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Figure A3. Logarithmic beta-projected reflectance distributions for ZnSe at 4 µm (left) and 10 µm (right). 

 

 

Figure A4. Reflection spectra contour map of double sided rARSS ZnSe. 
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Figure A5. BTDF (points) and ASF (line) at 3.39 µm for nanostructured ZnSe at normal (black), 15° (red), 

45°(grey), and 70° (dark red) AOI. 

 

 

 

Figure A6. 100x magnification LEXT confocal image of nanostructured ZnSe. 
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Figure A7. IR spectra for double-sided processed rARSS and polished ZnS. 

 

 

Figure A8. Directional diagram of ZnS reflected scatter at 4 µm (right) and 10 µm (left). Al mirror (dotted), 

Polished (black), and rARSS (red) samples are compared.  
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Figure A9. Logarithmic beta-projected reflectance distributions for ZnS at 4 µm (left) and 10 µm (right). 

 

 

Figure A10. Reflection spectra contour map of double sided rARSS ZnS. 
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Figure A11. BTDF (points) and ASF (line) at 3.39 µm for nanostructured ZnS at normal (black), 15° (red), 

45°(grey), and 70° (dark red) AOI. 

 

 

Figure A12. 100x magnification LEXT confocal image of nanostructured ZnS. 
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Figure A13. IR spectra for double-sided processed rARSS and polished GaAs. 

 

 

Figure A14. Directional diagram of GaAs reflected scatter at 4 µm (right) and 10 µm (left). Al mirror 

(dotted), Polished (black), and rARSS (red) samples are compared.  
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Figure A15. Logarithmic beta-projected reflectance distributions for GaAs at 4 µm (left) and 10 µm (right). 

 

 

Figure A16. Reflection spectra contour map of double sided rARSS GaAs. 
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Figure A17. BTDF (points) and ASF (line) at 3.39 µm for nanostructured GaAs at normal (black), 15° 

(red), 45°(grey), and 70° (dark red) AOI. 

 

 

Figure A18. 100x magnification LEXT confocal image of nanostructured GaAs. 
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Figure A19. IR spectra for double-sided processed rARSS and polished Ge. 

 

 

Figure A20. Directional diagram of Ge reflected scatter at 4 µm (right) and 10 µm (left). Al mirror (dotted), 

Polished (black), and rARSS (red) samples are compared.  
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Figure A21. Logarithmic beta-projected reflectance distributions for Ge at 4 µm (left) and 10 µm (right). 

 

 

Figure A22. Reflection spectra contour map of double sided rARSS Ge. 
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Figure A23. BTDF (points) and ASF (line) at 3.39 µm for nanostructured Ge at normal (black), 15° (red), 

45°(grey), and 70° (dark red) AOI. 

 

 
Figure A24. 100x magnification LEXT confocal image of nanostructured Ge. 
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Figure A25. Visible spectra for double-sided processed rARSS and polished FS. 

 

 

Figure A26. Directional diagram of FS reflected scatter at 633 nm (right) and 1000 nm (left). Al mirror 

(dotted), Polished (black), and rARSS (red) samples are compared.  
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Figure A27. Logarithmic beta-projected reflectance distributions for FS at 633 nm. 

 

Figure A28. BTDF at 633 nm for nanostructured (solid line) and polished (dots) FS sample at normal 

(black), 15° (red), and 50°(grey) AOI. 
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Figure A29. 5° AOI BRDF of Al mirrors with leftover tooling marks of period d from diamond turning 

process. 

 

Figure A30. 5° AOI BRDF plotted vs. log-scaled angle of Al mirrors with leftover tooling marks of period 

d from diamond turning process. Diffraction orders due to surface periodicity are visible when plotting in a 

logarithmic format. 
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Figure A31. 5° AOI BRDF of Labsphere Spectralon 0.99 reflective diffuse reflectance standard. Sample 

scatter distribution is extremely Lambertian. The data is not cosine corrected. Measured wide angle 

(θs>70°) scatter shown here unrealistic to performance of the sample and is due to limitations in the 

scatterometer setup at glancing angles. 
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