
 

 
 

i

 THERMAL RADIATIVE PROPERTIES OF DISORDERED MEDIA 
AND DEEP METAL GRATINGS 

 
 
 
 

 
 
 
 

A Dissertation 
Presented to 

The Academic Faculty 
 
 
 
 

by 
 
 
 

Peiyan Yang 
 
 
 
 
 

In Partial Fulfillment 
of the Requirements for the Degree 

Doctor of Philosophy in the 
George W. Woodruff School of Mechanical Engineering 

 
 
 
 
 
 
 

Georgia Institute of Technology 
August 2019 

 
 

 
 
 

COPYRIGHT © 2019 BY PEIYAN YANG 



 
 

THERMAL RADIATIVE PROPERTIES OF DISORDERED MEDIA 
AND DEEP METAL GRATINGS 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Approved by:   
   
Dr. Zhuomin Zhang, Advisor 
George W. Woodruff School of 
Mechanical Engineering 
Georgia Institute of Technology 

 Dr. Michael Filler 
School of Chemical & Biomolecular 
Engineering  
Georgia Institute of Technology 

   
Dr. Peter Hesketh 
George W. Woodruff School of 
Mechanical Engineering 
Georgia Institute of Technology 

 Dr. Jud Ready 
School of Materials Science & 
Engineering 
Georgia Institute of Technology 

   
Dr. Peter Loutzenhiser 
George W. Woodruff School of 
Mechanical Engineering 
Georgia Institute of Technology 

  

   
  Date Approved:  June 13, 2019 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my parents 
  
 
 
 
 
 



 

iv 
 

ACKNOWLEDGEMENTS 

 I’d like to express my wholehearted thanks to my Ph.D. advisor, Dr. Zhuomin 

Zhang, for offering me this opportunity to do research under his guidance five years ago. 

Throughout this journey, he has been a patient, inspiring and insightful advisor, as well as 

a caring, loving and encouraging mentor. I appreciate all the time, thoughts and passion he 

has contributed to make my Ph.D. experience productive and stimulating. In addition, I am 

grateful to Dr. Peter Hesketh, Dr. Peter Loutzenhiser, Dr. Michael Filler and Dr. Jud Ready, 

for taking the time to serve on my dissertation reading committee and for sharing their 

breadth of expertise and knowledge. I’d like to thank National Science Foundation and 

Department of Energy for their funding support. 

 Sincere appreciation is also expressed to my former and current group members. I 

would like to thank Dr. Richard Zihao Zhang and Dr. Jesse Watjen for sharing their 

suggestions and wisdom; Dr. Xiaohu Wu, Dr. Zhaolong Wang, Shiquan Shan, Eric Tervo, 

Chuyang Chen and Dudong Feng for their help in research and life. Much appreciation 

goes to Dr. Bo Zhao, Dr. Xianglei Liu and Dr. Qiang Cheng for the fruitful discussions and 

tutoring during the early stage of my Ph.D. to help transition to the research topic. In 

particular, I thank Dr. Leonard Hanssen during my internship at National Institute of 

Standards and Technology (NIST) for his mentorship and sharing expertise in 

spectroscopy. I’d like to thank to all my friends during my stay in Atlanta for their 

friendship. 

 Finally, I wish to express my deepest love and appreciation to my parents for their 

support and love. Those bedtime stories when I was a kid helped me grow and have brought 

me where I am now. 



v 
 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS iv 

LIST OF TABLES viii 

LIST OF FIGURES ix 

NOMENCLATURE xiii 

ACRONMYS  xviii 

SUMMARY xx 

CHAPTER 

1 INTRODUCTION 1 

1.1 Tuning Radiative Properties from Randomness 1 

1.2 Tuning Radiative Properties from Periodic Structures 4 

1.3 Objectives 6 

2 THEORETICAL BACKGROUND 8 

2.1 Light Transport in Dispersed Medium 8 

2.2 Solution to Radiative Transfer Equation 13 

 2.2.1 Methods Used in Solving RTE 14 

 2.2.2 Forward and Inverse Adding-Doubling (AD) Method 17 

 2.2.3 Scattering from Single Particles 19 

2.3 Radiative Cooling: Principles and Examples 22 

2.4 Rigorous Coupled-Wave Analysis 25 

2.5 Magnetic Polaritons in Deep Metal Gratings 29 

3 INSTRUMENTATION FOR MEASUREMENT OF SPECTRAL 
RADIATIVE PROPERTIES  31 

3.1 Monochromator with An Integrating Sphere 31 

3.2 Fourier Transform Infrared Spectrometer and Accessories 35 



vi 
 

3.3 Optical Laser Scatterometer 40 

4  RADIATIVE PROPERTIES OF SEMITRANSPARENT CERAMIC 
PLATES 44 

4.1 Sample Characterization and Experimental Method 44 

4.2 Measurement Results and Interpretations 47 

 4.2.1 Visible and Near-Infrared Radiative Properties 47 

 4.2.2 Near- to Mid-Infrared Radiative Properties 50 

4.3 Theoretical Modeling 53 

 4.3.1 Scattering and Absorption Coefficient 53 

 4.3.2 Lorentz Oscillator Model 57 

5  ULTRA-HIGH SOLAR REFLECTANCE  62 

5.1 Design and Measurement Method 62 

5.2 Results and Applications for Radiative Cooling 67 

 5.2.1 Directional-hemispherical Reflectance 67 

 5.2.2 Bidirectional Reflectance 69 

 5.2.3 Theoretical Modeling 76 

 5.2.4 Solar Reflectance and Application for Radiative Cooling 80 

6    NUMERICAL MODELING OF BIDIRECTIONAL RADIATIVE 
PROPERTIES 86 

6.1 Monte Carlo Ray Tracing Algorithm 86 

6.2 Microface Slope Method 90 

6.3 Modeling Results and Comparision  95 

7    DEMONSTRATION OF MAGNETIC POLARITONS IN DEEP METAL 
GRATINGS 102 

7.1 Sample Fabrication and Measurement 102 

7.2 Theoretical Calculation 105 



vii 
 

7.3 Results and Analysis 109 

8    CONCLUSIONS AND FUTURE WORK 120 

 

 REFERENCES 125 

 VITA  139 

 



viii 
 

LIST OF TABLES 

Page 

Table 4.1.  Sample description including fabrication method, purity, thickness, 
density, and typical root-mean-square (rms) surface roughness on 
each side. 45 

Table 4.2.  Lorentz fitting parameters for the AlN and Si3N4 specimens; the 
uncertainty in the resonance frequency is estimated to be within 3% 
while the typical uncertainty of the other parameters is estimated to 
be 10%. 59 

Table 5.1.  Measured properties of PTFE sheets. 64 

Table 5.2:  Thicknesses and the reflectance and transmittance of all three PTFE 
sheets from integration of measured BRDF and BTDF (TAAS) as 
compared with the values from monochromator and integrating 
sphere (IS) measurements. 71 

Table 7.1.  Geometric parameters of the three grating samples AL01, AL02, 
and AL03. 111 

Table 7.2.  MP1 resonant frequency in (cm-1) obtained from the measurement 
and modeling for the in-plane layout. 118 

 



ix 
 

LIST OF FIGURES 

Page 

Figure 2.1  Schematic of (a) definition of BRDF and (b) the in-plane BRDF and 
BTDF measurement setup, the arrows indicate the direction in 
which these angles increase. Note that the observation angle o is 
defined separately for BRDF and BTDF. One detector is rotated to 
capture the signal at various observation angles. 10 

Figure 2.2.  Solar radiation spectrum for air mass 1.5 based on the global 37-deg 
tilt data, along with the infrared spectrum of the atmospheric 
transmission from Gemini observatory. 23 

Figure 3.1.  Schematic of the integrating sphere with monochromator for visible 
to near infrared range radiative properties measurement. 34 

Figure 3.2.  Schematic for the principles of FTIR, the moving mirror collects 
interferogram in the spatial domain and utilize Fourier transform to 
obtain frequency domain spectrum. 36 

Figure 3.3.  Pictures of the FTIR accessories; (a) a specular accessory collecting 
reflection at 10° incident, accessories at 30° and 45° incident angle 
are also available; (b) a gold-coated integrating sphere with a MCT 
detector for directional-hemispherical properties measurement. 39 

Figure 3.4.  Schematic of the TAAS system; note that the arrows in the 
goniometric table indicate the direction in which these angles 
increase, and that the observation angle o is defined separately for 
BRDF and BTDF, one detector is rotated to capture the signal at 
various observation angles. 41 

Figure 4.1.  Confocal microscope images of (a) the smooth side and (b) the 
rough side of the AlN ceramic sample. 46 

Figure 4.2.  Radiative properties of the three samples in the visible and near-
infrared region measured with the monochromator and integrating 
sphere: the directional-hemispherical and specular reflectance for 
(a)Al2O3, (b)AlN and (d)Si3O4, the calculated specular reflectance 
from the surface reflection model is also shown together; (c) 
absorption and transmission of AlN sample. 49 

Figure 4.3.  Radiative properties of the Al2O3 and AlN in the mid-infrared region 
measured with FTIR: (a,c) the directional-hemispherical reflectance 
and transmittance along with the specular transmittance, at 
wavenumbers from 630 cm 1 to 6000 cm 1; (b,d) comparison of the 
specular and directional-hemispherical reflectance for both sides 
from 500 cm 1 to 1500 cm 1. 51 



x 
 

Figure 4.4.  The directional-hemispherical reflectance and the specular 
reflectance of the Si3N4 sample from 500 cm 1 to 1500 cm 1 52 

Figure 4.5.  Scattering and coefficient of Al2O3 and AlN: (a,c) the retrieved 
values from IAD method compared with the prediction made by Mie 
theory, the radius and concentration of the pores are indicated on the 
plot, note that two types of pores are used for Al2O3; (b,d) the 
absorption coefficient obtained from IAD method and from the 
imaginary part of the refractive index, taken from Tropf and Thomas 
[9] for Al2O3 and Moore et al. [15] for AlN. 55 

Figure 4.6.  Lorentz fitting results for AlN and Si3N4: (a,d) comparison of 
measured and fitted reflectance; (b,e) real part of the refractive index 
n; (c,f) imaginary part of the refractive index , the optical constants 
are also compared with literature values indicated in the labels. 61 

Figure 5.1.  (a) SEM image of the PTFE surface coated with a 300-nm-thick Ag 
layer; (b) a photo of the PTFE sheet; (c) confocal microscope image; 
(d) schematic of the dual-layer structure, where surface scattering 
and volume scattering component are illustrated. Note that the Ag 
film is coated on a substrate and it is assumed that an air gap exists 
between the PTFE sheet and the Ag film. 65 

Figure 5.2.  (a) Reflectance and (b) absorptance of the PTFE sheets and the 10-
mm slab for 0.28 μm < λ < 4 μm. The reflectance of Sample D is 
taken from Weidner and Hsia [81] at wavelengths shorter than 2.1 
μm. The absorptance at λ < 1.8 μm is assumed to be zero for all 
samples; (c) reflectance of the dual-layer structures with PTFE 
sheets on the Ag film; (d) spectral emittance of the dual-layer 
structure with different PTFE thicknesses at wavelengths from 2 μm 
to 15 μm. 68 

Figure 5.3:  (a) The measured BRDF at normal incidence for three PTFE sheets 
on Ag film. All three samples are fitted with a quadratic curve as 
shown as the solid line.  (b) The measured BRDF and BTDF at 
normal incidence for the three PTFE samples. The fitted values are 
plotted as solid lines. 70 

Figure 5.4.  The measured BRDF as a function of the observation angle with 
various incidence angles for (a) Sample A PTFE only and (b) 
Sample A with a silver film. 73 

Figure 5.5.  The measured BRDF at incidence angles of 30° and 50° for (a, b) 
Sample A, B and C free-standing PTFE, and (c, d) the three PTFE 
samples with a Ag film. 74 

Figure 5.6.  Ratio of the measured BRDF of Sample A2 over that of Sample A, 
both with a Ag film, at different incidence angles. 76 



xi 
 

Figure 5.7.  Scattering (reduced) and absorption coefficients obtained from the 
IAD method. The fitted scattering coefficient is also shown. 77 

Figure 5.8.  Comparison of the measured reflectance of the dual-layer structure 
based on Sample A with some solar reflectance materials reported 
in the literature. 82 

Figure 5.9 (a) Calculated cooling power of sample A at various surface 
temperatures, non-radiative heat transfer is neglected, and the 
ambient T is assumed at 300 K; (b) calculated equilibrium 
temperature of sample A at  ambient T of 300 K, and different non-
radiative heat transfer coefficients. 84 

Figure 6.1.  The rotation of the local coordinate system after a scattering event; 
the direction vector of the photon bundle after the scattering ( ŝ ) is 
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SUMMARY 

Controlling thermal radiation is desired for energy harvesting and saving, thermal 

management and aerospace applications. Thermal radiative properties of materials can be 

tuned by the surface roughness, volumetric inhomogeneity and periodic 

micro/nanostructures. The present dissertation investigates the spectral radiative properties 

of various materials and micro/nanostructures by performing three research tasks. (1) 

Measurement and investigation of the radiative properties of sintered ceramic plates, 

modeling the dielectric function and scattering process of the samples; (2) Design, 

fabrication and measurement of an efficient solar reflector based on a highly scattering thin 

film atop a sliver film, development of a physical model for simulation of the light transport 

process; (3) Microfabrication and demonstration of magnetic polaritons (MPs) in deep 

metallic gratings for tailoring spectral radiative properties. 

Radiative properties of dense ceramic Al2O3, AlN, and Si3N4 plates are investigated 

from the visible to the mid-infrared region at room temperature. Directional-hemispherical 

and specular transmittance and reflectance were measured, from which the regions 

dominated by either volumetric or surface scattering can be distinguished. The scattering 

and absorption coefficient of Al2O3 and AlN are obtained using an inverse method based 

on the measurement, and also predicted using Mie theory for comparison. The Lorentz 

oscillator model is applied to fit the reflectance spectra in the phonon vibration bands where 

scattering is insignificant. The observed phonon modes for Si3N4 are much stronger in the 

polycrystalline sample studied here than in amorphous films. 

A diffusive solar reflector with record-high reflectance is presented, consisting of 

a polytetrafluoroethylene (PTFE) sheet on top of a silver film. This design demonstrates a 
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weighted solar reflectance of over 0.99, highest value ever reported. The underlying 

mechanism of the high reflectance is explained by comparing the calculation from a Monte 

Carlo ray-tracing method and a modified two-flux model with the experiments. In addition, 

the measurements suggest a high emittance in the mid-infrared region. Therefore, the 

proposed structure holds promise for passive daytime radiative cooling.  

The bidirectional radiative properties of the structure were measured at the 

wavelength of 635 nm, to understand if the mirror-like reflector at the back of PTFE will 

alter the diffuse reflecting nature of the material. The Monte Carlo ray-tracing method is 

modified to incorporate both surface and volumetric scattering of the structure and to 

elucidate the underlying mechanism. It also provides insights on the critical thickness at 

which the structure becomes specular.  

The excitation of magnetic polaritons is experimentally demonstrated in several 

microfabricated grating samples by measuring the specular reflectance in the near-to mid-

infrared region. The results are compared with the calculation from the rigorous coupled 

wave analysis and an LC-circuit model. The influence of incidence angle, plane of 

incidence, polarization, and the trench depth on the spectral reflectance is also investigated. 

The MP dispersion for off-plane layout has been studied and demonstrated for the first time.  

Fundamental knowledge and understanding of the radiative properties of randomly 

and periodically structured solid materials (including ceramics, polymer and metal) are 

gained through this theoretical and experimental research. The findings are expected to 

impact practical applications such as radiometric devices, passive radiative cooling, design 

of nanostructures for thermal management, waste heat recovery as well as solar energy 

harvesting.
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CHAPTER 1 

INTRODUCTION 

The ability to tailor optical/radiative properties of materials has attracted 

tremendous interest from the scientific community, with promising applications in 

photonic and energy conversion systems, such as thermophotovoltaic (TPV) and solar 

devices [1-3], cloaking [4], sensing and imaging [5, 6], etc.  To engineer materials with 

desired optical/radiative properties, two main approaches are used. The bottom-up 

approach focuses on the unique optical response at subwavelength scale: by patterning 

periodic structures such as one-dimensional (1D) gratings, two-dimensional (2D) 

nanowires and nanoholes, and three-dimensional (3D) nanodots, the radiative properties of 

the materials are altered. The top-down approach, on the other hand, examines the 

correlation of the optical response with its macroscopic properties, such as crystallinity, 

purity, porosity and surface roughness, etc. This chapter will give the background for the 

two types of methods and the scenarios in which they are applied.  

1.1 Tuning Radiative Properties from Randomness  

Thermal radiative properties of materials refer to the reflectance, transmittance and 

absorptance/emittance. In the simplest case, the reflectance can be calculated as a mirror-

like reflection from the interface of two materials based on Fresnel’s equation [7], and a 

certain amount of transmittance is produced when the sample is semitransparent. Based on 

Kirchhoff’s law, spectral-emittance of the material equals to spectral-absorptance, which 

is obtained by subtracting the reflectance and transmittance from unity. The discussion of 

thermal radiative properties of materials becomes more involved if inhomogeneity is 

present, either from surface roughness, porosity or impurity.  Their radiative properties are 
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quite distinct from single crystals and cannot be rigorously predicted due to the stochastic 

nature of randomness. By embracing this randomness which is prevalent in everyday life 

and understanding how it can alter the radiative properties, it is possible to find an 

economically viable and simple way to engineer new materials.  

Refractory ceramic materials are widely applied in industry, because they are 

capable of maintaining physical and chemical stabilities at high temperatures. Thermal 

radiative properties of them play an important role in performing heat-transfer analysis, 

temperature measurements, system design and monitoring. It remains a daunting challenge 

to fully understand and interpret the radiative properties of ceramic materials due to the 

presence of rough surfaces, porosity, different crystalline structures and impurities. Three 

dense and relatively pure ceramic plates, Al2O3, AlN and Si3N4, are characterized and 

studied in this thesis, from visible to mid-infrared range at room temperature. 

The optical properties of crystalline hexagonal α-A12O3 have been extensively 

studied and summarized for both polycrystalline [8] and single crystals considering 

anisotropy [9]. Several studies have measured or modeled the radiative properties of 

alumina (ceramic A12O3) with different densities and inner porous structures in the near- 

and mid-infrared regions [10-12]. Some researchers have demonstrated collimated visible 

light transmission in alumina with high density and purity, and fine grains [13]. Ceramic 

polycrystalline AlN can be made by tape casting followed by sintering and is a promising 

substrate material for high-power microelectronics due to its high thermal conductivity, 

electrical resistance, and mechanical hardness. Due to its wurtzite structure, the AlN crystal 

is inherently anisotropic and has polarization-dependent vibrational frequencies and 

dielectric responses in the mid-infrared range [14, 15]. The visible and near-infrared optical 
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properties of AlN crystals or crystalline thin films have been determined and summarized 

in Refs. [16, 17]; however, little work has been done on the optical properties of sintered 

AlN ceramics. Dense Si3N4 ceramics have been used in applications such as cutting tools, 

high-temperature engines, and microelectronic devices. In microelectronic devices and 

microelectromechanical systems, Si3N4 is often made as an amorphous or nanocrystalline 

film formed by chemical vapor deposition. Therefore, most of the available optical and 

infrared studies of Si3N4 are for amorphous films [18-20]. However, sintered ceramic 

materials are typically polycrystalline with varying degrees of inhomogeneity, grain size 

distribution, and surface irregularity. Both the trigonal α-Si3N4 and hexagonal β-Si3N4 

crystalline phases may be present in the hot-pressed ceramic depending on the processing 

conditions, although the most stable phase is β-Si3N4, and at sufficiently high temperatures 

when a liquid phase is present, the α-phase will transform into the β-phase [21]. As for 

AlN, very few studies have investigated the optical properties of hot-pressed Si3N4 

ceramics [22]. 

It is necessary to know that the discussion in this thesis typically focuses on 

directional-hemispherical (d-h) properties, meaning the incidence is a collimated beam of 

radiation from a certain direction, and the reflectance and transmittance are collected 

hemispherically. Based on d-h properties, hemispherical-hemispherical (h-h) properties 

can be obtained through integration [7]. In the study of thermal radiative properties, 

reflectance and transmittance are usually measured and modeled directly, while the 

absorptance and emittance is calculated based on indirect method from Kirchhoff’s law. 

Due to reciprocity, the emittance obtained from d-h reflectance and transmittance is 

hemispherical-directional emittance, and equals to d-h absorptance [23]. The d-h 
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reflectance and transmittance of a material is denoted as Rdh and Tdh, respectively. The 

bidirectional (d-d) radiative properties are defined as the hemispherical distribution of the 

reflectance/transmittance, which helps reveal the specularity of the surface and will be 

detailed in Chapter 2. 

1.2 Tuning Radiative Properties from Periodic Structures  

When the feature size of the material is comparable to the wavelength, the radiative 

properties often possess quite distinctive features. Numerous studies have reported 

fascinating radiative and optical properties originating from nanostructured materials that 

could significantly impact areas such as energy harvesting, plasmonic and photonic devices, 

sensing and imaging, etc. [24]. These artificially structured materials, often referred to as 

electromagnetic (EM) metamaterials, can manipulate EM wave propagation mostly 

through various resonance modes or surface waves supported by the micro/nano structure. 

Among them are surface phonon polaritons (SPhPs), surface plasmon polaritons (SPPs) 

[24], magnetic polaritons (MPs) [25], hyperbolic modes formed by hyperbolic 

metamaterials [26] and epsilon-near-zero materials [27]. Meanwhile, non-resonant unique 

radiative properties can be found in photonic crystals [28] and nanowire arrays [29]. 

Plasmonic metamaterials refer to those that exploit the coupling of incident photons to 

plasmons, a collection of oscillation charges, to achieve unique absorption or transmission 

behavior.  

In the aforementioned top-down approach, which tailors the radiative properties by 

macroscopic features that are much larger than characteristic wavelength, the polarization 

and phase information of the electromagnetic waves can be neglected. The problem can be 

described by the radiative transfer equation (RTE), a scalar equation that can be derived 
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from Maxwell’s equations [30]. Modeling the radiative properties of the materials reduces 

to solving the RTE with proper boundary conditions[23, 31]. Unlike the top-down 

approach, plasmonic materials exhibits unique radiative properties only when the feature 

size is comparable to the incident wavelength. Specifically, for thermal radiation which has 

a typical wavelength of one to a few microns, the feature size must be several microns or 

below one micron. In this length scale, the polarization and phase properties of the 

electromagnetic waves becomes crucial, and the wave nature of light is dominant. 

Maxwell’s equations have to be solved to fully consider the vector and polarizations of the 

electromagnetic waves. Some counterintuitive phenomena happen at this dimension due to 

the wave nature of light, including negative refraction [32], enhanced absorption of 

particles [33], photon-tunneling and near-field radiation [7].  

SPPs and MPs are the two main types of resonances that involves the coupling of 

plasmons. SPPs are guided surface waves which travel along a metal-dielectric interface 

and exponentially decay into both sides of the interface [24]. It involves both the charge 

motion in the metal and the electromagnetic waves in the dielectric. It typically has 

subwavelength-scale confinement and intensity enhancement near the interface, which 

give rises to a variety of applications such as microscopy and subwavelength optics [34], 

biosensing, nonlinear optics and solar absorption, etc. [2, 24]. MPs are bulk magnetic 

resonance modes that can be understood from Lenz’s law, which states that the induced 

current from a magnetic field will oppose the change of magnetic flux. At certain 

frequencies, such interaction becomes resonant and the material exhibits an effective 

magnetic permeability that can be tuned to a wide range of values not accessible in natural 

materials [35]. Previously, they have been extensively studied in visible or microwave 
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wavelength regions. More recently, they are studied in infrared region for coherent thermal 

emitters [36, 37], extraordinary optical transmission [38, 39] and enhanced absorption 

when coupled with two-dimensional materials [40]. They have been researched and 

demonstrated by earlier students in this group [25, 41], and the study will be continued in 

the thermal radiation range in this thesis, with an emphasize on the experimental 

demonstration in deep metal gratings. 

1.3 Objectives 

The objective of this dissertation is to characterize and investigate the thermal 

radiative properties of selected dispersed medium and periodic nanostructures. For the 

study of random material, dense ceramic plates and highly scattering polymer sheet are 

chosen to examine the effect of crystallinity, surface roughness, volumetric scattering, 

impurity and porosity on their radiative properties. Interpretations are made both 

qualitatively and quantitatively based on suitable models. The highly scattering polymer 

sheet is also used to build a highly efficient solar reflector. For the periodic structure, the 

effect of MPs will be experimentally demonstrated in deep metal gratings for the first time. 

The dissertation is organized as follows. Chapter 2 presents the theoretical 

background and the calculation methods of radiative transfer equation, as well as a review 

of the concept of magnetic polariton and a semi-analytical solution of the Maxwell’s 

equation adopted in the modeling. Chapter 3 introduces the different optical spectrometers 

and scatterometers used in this work to measure the radiative properties of the materials, 

including the principles, usage and limitation.  Chapter 4 presents an experimental study 

of selected thin ceramic plates, and quantitatively interprets their distinctive radiative 

properties based on volumetric scattering and phonon band structure. Chapter 5 focuses on 
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the demonstration of a record-high solar reflector based on a dual-layer structure consisting 

of a highly scattering polymer atop a metal layer. Both the directional-hemispherical and 

bidirectional radiative properties are measured. This structure also holds promise for 

radiative cooling applications. The modeling work is introduced in Chapter 6, in which a 

Monte Carlo method that incorporates both volumetric and surface scattering effects are 

implemented and the results of which are compared with measurement. The radiative 

properties of micro-fabricated deep metallic gratings are experimentally investigated in 

Chapter 7, in which the off-plane dispersion of MP modes is studied for the first time. 

Finally, Chapter 8 summarizes the major findings and conclusions of this dissertation, then 

gives suggestions for some future research topics.  
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CHAPTER 2 

THEORETICAL BACKGROUND 

  

This chapter provides the theoretical background for some of the calculation work 

in the thesis. The radiative transfer equation (RTE) is introduced first, with a focus on its 

origin and physical interpretation. Then various ways to solve the RTE are briefly 

introduced. The emphasis will then be put on adding-doubling (AD) method and Mie 

scattering theory, which helps to predict the scattering and absorption coefficients. 

Afterwards, the idea and principles of radiative cooling will be covered, with an 

introduction of several featured research work. The Maxwell’s equation solved in periodic 

structures using rigorous-coupled wave analysis (RCWA) will then be briefly introduced. 

The resonant modes in metallic gratings will be covered, focusing on the study of magnetic 

polaritons.  

2.1 Light Transport in Dispersed Medium 

When the light is incidence on a smooth, semi-infinite or lossy surface, the 

reflectance is calculated using Fresnel’s equation and the angle of reflection equals to the 

angle of incidence [7]. When the thickness of the substrate is considered, multiple 

reflections between both surfaces alter the reflectance by either constructive or destructive 

interference. The interference effect is dropped when the surface is rough, and the diffuse 

reflectance is present. The specular reflectance is the component at the retroreflection 

direction while the diffuse component is the component in all other directions. Note that 

sometimes the specular component has a certain spatial span instead of falling in a cone 
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with an infinitely small solid angle. When only diffuse component is present and uniform 

radiance is observed at various observation angles, the surface is called a Lambertian 

surface [7]. The radiant intensity follows the Lambertian cosine law.  A typical diffuse 

surface is frosted glass, the surface of which is intentionally roughened.  

In addition to the surface roughness, the volumetric inhomogeneity can also be a 

contributor to the diffuse component. Instead of using a clear crystal, when the material is 

porous or has certain impurities, the contrast of refractive indices leads to electromagnetic 

waves scattering inside the medium. The magnitude of the scattering depends on the 

contrast of refractive indices as well as the ratio of the wavelength and characteristic length 

of the scatterers. Eventually the volumetric scattering leads to a diffuse reflecting surface, 

such as smart glass made of suspended particles. For light transport in dispersed medium, 

surface roughness and volumetric inhomogeneity are oftentimes both present, and they are 

both dealt with in the present work.  

To measure the surface characteristics and quantify the diffuse reflectance and 

transmittance, the bidirectional-reflectance distribution function (BRDF) and bidirectional-

transmittance distribution function (BTDF) are defined. It was proposed by Nicodemus et 

al. [42] for measuring from a surface that was neither completely specular nor perfectly 

diffuse. Note that a more generic form is the bidirectional scattering distribution function 

(BSDF), which is the superset of BRDF and BTDF. Another term is bidirectional 

scattering-surface reflectance distribution function (BSSRDF), which includes subsurface 

scattering beneath the interface. In this work, the BRDF and BSSRDF is not differentiated.  
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Figure 2.1  Schematic of (a) definition of BRDF and (b) the in-plane BRDF and BTDF 

measurement setup, the arrows indicate the direction in which these angles increase. Note 

that the observation angle o is defined separately for BRDF and BTDF. One detector is 

rotated to capture the signal at various observation angles. 
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In radiometric terms, BRDF is defined as the ratio of the reflected radiance to the 

incident irradiance [43]:    

 o

i i i

BRDF
cos

dI

I d 
   (2.1) 

where iI  and oI  are the incident and reflected radiance, respectively, and id  is the solid 

angle of the incident beam at an incidence angle i , as shown in Figure 2.1(a). The 

denominator i i icosI d   is the incident irradiance (power per unit projected area), while 

radiance is defined as power per unit solid angle per unit projected area. It should be 

mentioned that in Eq. (2.1), the subscript i stands for incidence, while the subscript o stands 

for observation. This allows the same equation to be used to define BTDF.  The observation 

angle o  is defined separately for BRDF and BTDF, as shown in Figure 2.1(b). The 

measurement method will be covered in Chapter 3. The unit of BRDF and BTDF is sr-1, 

and oftentimes they are spectral properties that depends on frequency. For a perfectly 

diffuse surface, BRDF is a constant equal to /R  , where R is the d-h reflectance. Note 

that the value of BRDF and BTDF can exceed unity, for highly specular surfaces or 

collimated transmittance. By integrating the BRDF and BTDF over the hemisphere, d-h 

radiative properties Rdh and Tdh can be obtained, respectively. Analytical BRDF models are 

also widely used in computer graphics for rendering translucent materials [44, 45]. 

Rigorously speaking, the light transport in dispersed medium should be described 

using Maxwell’s equation and solved using computational electromagnetics methods such 

as FDTD, FEM, etc. However, when the polarization state of wave is neglected and 

considers only short wavelengths, the radiative transfer theory is valid and has been used 
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extensively in biomedical imaging, remote sensing, astrophysics and radiative heat 

transfer. The fundamental quantity that describes a field of radiation is radiance I, which is 

governed by the following radiative transfer equation (RTE) [23]:  
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where s  is the direction vector of the scattering radiance, c0 is the speed of light, the 

subscript ‘i’ indicates the in-scattering; bI is the blackbody emittance from medium, often 

neglected for non-gain medium; and  are the scattering and absorption coefficient, 

respectively, and the physical meaning is the average number of scattering/absorption 

events that happen per unit propagation length, essentially the inverse of mean free path, 

usually has a unit of mm-1; the solid angle is represented by  , and  is the scattering 

phase function, a measure of the amount of radiating energy propagating in is  that is 

redirected into s . It can be shown that  is the scattered intensity in a direction divided by 

the average intensity scattered in all directions [23], and is equal to unity for isotropic 

scattering. Highly scattering medium can often be adequately approximated by isotropic 

scattering. Note that the above equation is the transient form of RTE, a partial intergro-

differential equation w.r.t. time and space. The first term is only significant in ultrafast 

processes when local equilibrium is not satisfied. It is dropped in the scope of the current 

work, written as:  
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For more than a century, the RTE has been used without solid proof of its physical 

basis. The equation was interpreted from an energy balance point of view: the change in 

radiative energy on the left-hand side equals to the gain due to emission of the medium, 

minus the loss due to absorption and scattering, plus the gain due to in-scattering, which is 

the scattered energy from other directions. This is an analogy of energy balance equation 

often observed in heat conduction/convection problems. Recently, it has been proved that 

RTE can be derived from Maxwell’s equations under certain assumptions [30], unifying 

the RTE with classical Maxwell’s electromagnetics.  

Maxwell’s equations provide a mathematical model for phenomena such as 

diffraction, reflection, polarization, interference, etc., which leads to the inventions of 

polarizers, gratings, waveguides and the design of complicated optical systems that shaped 

the modern world. These phenomena emphasize on the wave nature of electromagnetic 

radiation, and sometimes named wave optics. On the other hand, the discussion of imaging 

formation, such as lens design, optical aberrations are considered in the geometric optics 

regime, in which the light is described as propagating rays and does not contain phase 

information or intensity. RTE falls in the region between these two domains, where phase 

information of light is dropped but the intensity is retained. It cannot predict resonant 

phenomena or interference effect, but can handle scattering and absorption, and is widely 

used in areas where the intensity of light is important.  

2.2 Solution to Radiative Transfer Equation 

As presented in Eq. (2.3), the RTE is an integro-differential equation that cannot be 

solved analytically unless certain assumptions are made. Indeed, a significant effect in 

developing various solutions to the RTE has been made in the past century. Although it is 
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not the focus of the current work to implement solutions to the RTE, a brief review of 

selected methods is presented below without heavily involving mathematical equations, 

but with an emphasize on those adopted in the present work. 

2.2.1 Methods Used in Solving RTE 

Solving RTE means to obtain the spatial distribution of radiance ˆ( )I s  at an arbitrary 

location within the medium. Oftentimes the internal energy fluence rate is not critical and 

only the ratios of the boundary values are needed, which gives the reflectance R and 

transmittance T. It is also possible to obtain the constants of the RTE, namely  and , 

from a given set of R and T values, known as the inverse problem.  

RTE can be solved analytically when the source term on the right-hand side of Eq. 

(2.3), viz., the absorption and in-scattering component, is known. There are a few cases 

when this becomes possible, including a non-scattering medium, a cold medium or a purely 

scattering medium. Boundary conditions are needed to solve RTE. Detailed analysis of 

these scenarios are found in Ref. [23, 31]. 

When the medium is mostly scattering, a useful and practical approximate method 

is the diffusion theory or diffusion approximation [46]. This method expresses the radiance 

as the sum of a coherent intensity cI  and a diffuse intensity dI . The coherent intensity cI  

exponentially decays from incident surface due to scattering. When the medium is highly 

scattering, the diffuse intensity dI  tends to be almost isotropic, which can be expanded in 

a series of spherical harmonics. Taking the first two terms of the series and plugging into 

RTE leads to a diffusion equation, which can be solved analytically with appropriate 

boundary conditions [46, 47]. Note that the boundary conditions for dI  and cI  are 
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different, and the total radiance is their sum. Diffusion approximation has been widely used 

in bio-optical imaging since tissues are highly scattering and lasers can be used as the 

optical source. It is simpler and faster compared to solving the full RTE but fails near the 

surface when first-order scattering becomes more dominant. 

Instead of dividing the radiance into collimated and diffuse component, another 

approach is to assume the energy transfer is one-directional and intensity is isotropic for 

all positive and negative directions, with a different value [23]. Thus, the radiative transfer 

reduces to two fluxes of light, one forward and the other backward. This method was 

originally proposed by Schuster when studying the light through foggy atmosphere, and 

named two-flux model [48]. The model is further simplified by dropping the emission term, 

which leads to the Kubelka-Munk model [49], one of the most popular models in textile, 

paint, color industries. The system of differential equations of Kubelka-Munk is:  

 ( )di S K idx Sjdx       (2.4) 

 ( )dj S K jdx Sidx      (2.5) 

where i and j are fluxes of light travelling forward and backward, S and K are Kubelka-

Munk scattering and absorption coefficient, which is distinct from  and , and x is the 

distance traveled. As expected, this set of equations can be solved easily, leading to an 

explicit expression of reflectance R [49, 50]. Note that this method assumes semi-isotropic 

scattering, while the scattering of large particles is highly anisotropic, as can be shown 

from Mie theory to be introduced.  The two-flux model also could not deal with collimated 

light, and a three-flux model was developed by adding a collimated component similar to 

the diffusion approximation [50]. Still, the reflectance at the mismatched boundary cannot 

be handled in this method. Various revised models have been proposed to extend the 
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applicability of the two-flux model. For instance, Dombrovsky et al. [51] proposed a 

modified two-flux model which incorporates boundary reflection, total internal reflection 

and is capable of dealing with anisotropic scattering. This method has been used in the 

work in Chapter 5 and 6 [52]. 

Discrete ordinates method, also known as multi-flux method or SN-method, is an 

extension of the two-flux model. Chandrasekhar [53] extended the two-flux model to 

anisotropic scattering and multidimensions for stellar and atmospheric radiation. Instead 

of dividing the flux into two, it is discretized into a number of (N) solid angles, transforming 

the integro-differential equation into N linear differential equations, one for each solid 

angle. The integral involving the phase function is usually replaced by a Gaussian 

quadrature. The system of equations can be solved based on matrix eigenproblem approach. 

Detailed tutorial can be found in Ref. [23, 31]. This method provides much more flexibility 

in handling anisotropic scattering and radiative heat transfer in enclosures. The idea of 

angular discretization has also inspired other discretized approaches that offer simpler 

integrations, such as discrete transfer method, finite volume method, etc [23, 31].  

Monte Carlo method provides an alternative method to solve RTE stochastically 

[23, 31], rather than purely analytically. This method traces the photons from their point of 

emission to the point of absorption or exiting from the enclosure or medium. The radiative 

transfer processes are modeled physically, including scattering, reflection, refraction, etc. 

The desired quantities such as Rdh and Tdh can be obtained from the total energy of 

reflected/transmitted photons. In addition, the bidirectional radiative properties, internal 

fluences and even transient process can also be easily obtained from the model. This 

method offers great flexibility and can be applied to various radiative transfer problems, 
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including blackbody emitters [54], mapping of integrating spheres [55] and the photon 

transport inside highly scattering materials such as silica aerogel, bio-tissues and polymers 

[56-58]. It has also been adopted in the current work to model a solar reflector [52], and a 

more detailed discussion of the method will be presented in Chapter 6.  

RTE is inherently difficult to solve due to its integro-differential nature. To date, 

no truly satisfactory RTE solution method has emerged. Nevertheless, various methods 

have been developed in the past century with distinctive advantages and drawbacks. 

Selecting the proper ones based on the requirement and the characteristics of the system is 

crucial.  

 2.2.2 Forward and Inverse Adding-doubling (AD) Method  

For a homogeneous medium with known scattering and absorption coefficients, the 

directional-hemispherical reflectance Rdh and transmittance Tdh can be obtained using the 

forward adding-doubling (AD) method. Introduced by van de Hulst [59] to solve the RTE 

in a parallel slab, this method considers the incident and exiting radiance on a single thin 

layer. By juxtaposing two identical slabs and summing the contributions from each slab, 

Rdh and Tdh of the double layer slab can be obtained from those of single slab. This process 

is performed repeatedly until the desired thickness is reached. The detailed mathematics 

can be found in Ref. [60]. Obviously, this method requires the knowledge of the Rdh and 

Tdh of the initial thin layer, which can only be obtained from  and  by diamond 

initialization method [50, 60]. Note that this method treats surface as a flat boundary and 

uses Fresnel reflection to calculate the reflectivity at the boundary, thus it is only valid 

when the directional hemispherical reflectance and transmittance are not affected by 
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surface roughness. It is also possible to find internal radiance, simulate media with different 

layers and internal reflection at boundaries.  

Based on the AD method, an inverse adding-doubling (IAD) method was proposed 

by Prahl [61], which has demonstrated its relatively high converging speed and flexibility 

in dealing with layered media with anisotropic scattering and absorption, as well as 

boundary reflection [57]. The IAD method uses the following steps to solve the inverse 

problem: (1) Guess a set of optical parameters to be determined; (2) Calculate the 

transmittance and reflectance of the starting thin slab using diamond initialization; (3) 

Calculate Rdh and Tdh using AD method and the values from Step 2; (4) Compare the 

measured Rdh and Tdh with the calculated ones, calculate the difference and compare with 

the defined tolerance; (5) If the error is larger than the tolerance, go to Step 1 with an 

updated set of parameters; otherwise the problem is considered solved.  

  The set of parameters includes the scattering albedo ωs, asymmetric factor g, and 

optical thickness τ. From ωs and τ, one can retrieve σ and  using the value of the plate 

thickness d based on the following relations: 

 s



 




  (2.6) 

 ( )d      (2.7) 

The asymmetric factor g is the average cosine of the scattering angle, given by [31]: 
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where   is the scattering angle formed by the incident and scattered vector. The value of 

g provides a simple representation of the directional scattering behavior without involving 
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complex scattering phase functions. It ranges from -1 to 1, where a positive g implies a 

highly forward scattering pattern and a negative g indicates backward scattering. For g = 

0, the scattering is isotropic.  

Ideally, all three of g,  and  are needed to solve RTE, with g replacing the integral 

on the right-hand side of Eq. (2.3). For the inverse problem, Rdh and Tdh provide only two 

values per wavelength, insufficient to solve for three unknowns. An additional 

measurement of the collimated transmittance Tcoll is needed from the IAD program, but the 

collimated signal is proportional to exp( ( ) )d   , requiring a much thinner sample for 

a highly scattering/absorbing medium. An alternative is to use reduced scattering 

coefficient (1 )g    , which reduces the number of unknowns to two and allows for 

the solving the problem with only Rdh and Tdh. This process, sometimes called “isotropic 

scaling” [51], has proved to be valid in the calculation involving directional-hemispherical 

properties [50]. In this work, the scattering is assumed to be isotropic by setting g = 0, and 

then the scattering and absorption coefficient are obtained from the IAD method. 

2.2.3 Scattering from Single Particles 

A bottom-up approach in solving the RTE is to obtain the scattering function from 

the scatterers, such as the impurities or pores of the medium, which often have irregular 

shapes, and the size is comparable to or larger than the wavelength of the electromagnetic 

waves. The concentration of the scatters is needed to obtain scattering and absorption 

coefficient from the scattering function of a single scatter. Then Rdh and Tdh of the slab can 

be solved by numerical integration of the RTE, or simply using the forward AD method 

introduced above.  
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The simplest scattering event is the scattering of a plane parallel electromagnetic 

wave by a small spherical particle, which is described in the Mie theory by rigorously 

solving Maxwell’s equations. Scattering from other shapes also can be obtained using T-

matrix method [62], but it is found that non-spherical particles have quite similar scattering 

profile to their equivalent spheres by averaging over orientation or sizes [23], which saves 

the effort of digging into the data base of T-matrix results. The two critical parameters are 

the normalized complex index of refraction 0( ) /m n i n   and the size parameter 

/x d   . Here n and  are the real and imaginary part of the optical constants of the 

sphere, respectively; n0 is the refractive index of the medium; d is the diameter of the sphere 

and  is the incident wavelength. Then the scattering and absorption efficiency is given by 

[63]:  
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where an and bn are: 
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Here n  and n  are the Riccati-Bessel functions which are related to Bessel function of 

the first kind Jn and the Hankel function of the first kind (1)
nH . The number of terms needed 

for convergence of the efficiencies in Eq. (2.9) and (2.10) is given as 1/3
max 4 2n x x    

by Bohren et al. [63]. The difference of scattering and extinction efficiency is the 

absorption efficiency: 

 abs ext scaQ Q Q    (2.15) 

The efficiencies are related to the scattering and absorption cross-section by:  
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For a particle system with various sizes, the total absorption and scattering 

coefficients could be determined by the following rule:  
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where A and V is the cross-sectional area and volume of a single particle, respectively, fi is 

the volume concentration of the i-th particle. Note that the  value calculated in Eq. (2.17) 

accounts for the absorption of particles, but not the loss in the medium. For a lossy medium 

 should be determined by the optical constants of the medium, as to be shown in Chapter 

4. When monodisperse system of particles is considered, the equation reduces to: 

 sca abs3 3
,          

2 2

fQ fQ

d d
     (2.18) 

It is worth mentioning that for this method to be valid, it is crucial that the scattering 

should be independent. When two particles are in close proximity, scattering can differ 
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from Mie theory due to constructive or destructive interference of scattered radiation, as 

well as the interaction of evanescent fields. These effects become less dominant when the 

distance between particles increases, known as the “independent scattering”. There are 

plenty of research on the validity domain of independent and dependent scattering [23, 64], 

and the current work only focus on independent scattering. It is claimed, though, that all 

scattering events are essentially “dependent” regardless of how far away the two particles 

are separated, thus the concept of “independent scattering” has little heuristic value [30]. 

The reasoning is that the forward scattering interference and coherent backscattering effect 

(also known as weak localization) are ubiquitous and cannot be predicted by the scattering 

pattern of individual particle. We argue that these effects are extremely narrow and hard to 

observe in the systems studied and the individual scattering properties of the particles still 

provide insights to solving the multiple scattering problem. More efficient mathematical 

tools that can solve multiple scattering with consideration of dependent scattering are yet 

to be developed. 

2.3 Radiative Cooling: Principles and Examples 

The practice of radiative cooling dates back to ancient time, when people found 

radiation to clear night sky could greatly enhance the heat dissipation of buildings. But it 

was not systematically studied until the twentieth century [65, 66]. It is known that the 

atmosphere exhibits spectrally selective absorption lines or bands due to gas molecules and 

aerosol particles. Yet, for a cloudless day with relatively low humidity, the sky could be 

largely transparent to electromagnetic waves from about 8 m to 13 m, which is referred 

as the infrared atmospheric window [67]. A significant portion (around 35%) of radiation 

emitted from a blackbody at ambient temperature (about 300 K) falls in this window, 
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equivalent to a cooling power of 160 W/m2. Figure 2.2 plots the atmospheric transmittance 

obtained from Gemini observatory [68], from 0.9 to 15 m (the transmittance data is 

available up to 26 m). The solar irradiance is also plotted using data from Air Mass 1.5: 

ASTM G-173-03 [69], which defines a standard direct normal spectral irradiance and a 

standard total (global, hemispherical, within 2- steradian field of view of the tilted plane) 

spectral irradiance from 0.28 m to 4 m. 

 

Figure 2.2.  Solar radiation spectrum for air mass 1.5 based on the global 37-deg tilt 

data, along with the infrared spectrum of the atmospheric transmission from Gemini 

observatory. 

 

Passive radiative cooling can be grouped into three main categories according to 

the specific application: (1) Nocturnal refrigeration for which the purpose is to reach a 

temperature below the ambient, e.g., to produce cooling water or to make ice [70-72]. In 

this case, the material should have a high emissivity in the infrared atmospheric window 

and a low emissivity elsewhere. Because only 0.2% of the thermal radiation emitted from 
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an object at ambient temperature is at wavelengths shorter than 4 m, the radiative 

properties in this region play minimal role for nighttime cooling, same for diurnal cooling 

with a clear sky when the sun is blocked. (2) Daytime cooling and energy saving, where 

reducing the temperature rise is desired under the exposure of solar radiation. This could 

be achieved by using a solar reflective material with high broadband infrared emissivity 

[73, 74]. (3) Daytime refrigeration, which aims at obtaining an equilibrium temperature 

below the ambient under sunlight. Such daytime refrigeration has not been achieved until 

recently when materials with high solar reflectance (greater than 0.9) and selective high 

emissivity within the infrared atmospheric window are employed [65, 75-77]. To achieve 

daytime cooling or refrigeration under direct solar irradiation, enhancing materials’ 

reflectance in the wavelength region 0.3 μm 4.0 μm   is critically important to reduce 

the absorption of solar irradiation which could exceed 1000 W/m2.  

To achieve day-time radiative cooling, Raman et al. [75] fabricated a photonic 

multilayer structure with 0.97 solar reflectance, while emitting strongly in the infrared 

atmospheric window, and demonstrated refrigeration nearly 5C below the ambient under 

solar irradiance exceeding 850 W/m2. Subfreezing refrigeration was also achieved by the 

same group in a vacuum test chamber by blocking solar irradiation [71]. However, the 

fabrication cost and susceptibility to corrosion for such photonic meta-surfaces are the 

bottlenecks for scaling up. 

An alternative, economically viable approach has recently been demonstrated by 

several research groups, achieving radiative cooling using dispersed materials. Using TiO2 

pigments, Harrison and Walton [65] were the first to achieve daytime refrigeration of 2C 

below the ambient under direct sunlight at noon during a winter day in a high latitude 
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geographical location (51N). Nanoparticle-based paint and coatings have been proposed 

and demonstrated day-time cooling effect by several groups [73, 78, 79]. Mandal et al. [76] 

presented a scalable porous polymer coating that can be directly applied to existing roofs 

or walls. Zhai et al. [70] used a silver coated glass-polymer hybrid material and 

demonstrated scalability while achieving a noontime radiative cooling power of 93 W/m2. 

While Ag is a good reflector in the visible and infrared and has been used in several 

publications, it has a relatively high absorptance in the ultraviolet especially at wavelengths 

shorter than 0.35 μm. It seems that the best configurations can reflect about 0.96-0.97 of 

the solar irradiation. 

In the present research, a sintered polymer named polytetrafluoroethylene (PTFE) 

is used, which is essentially the white material used as the inner coating of integrating 

spheres and diffuse reflectance standard [57, 80, 81]. It is of extremely high diffuse 

reflectance from ultraviolet to near-infrared (0.2-2.5 μm wavelength). To achieve opacity 

and high reflectance, the thickness of the PTFE needs to be several millimeters, which is 

not practical for large area applications. The design in the current study uses a PTFE sheet 

of submillimeter thickness and a reflector made of a Ag film. It is expected that the overall 

solar reflectance of this dual-layer structure can be enhanced even though the PTFE layer 

is semitransparent. In addition, it is known that a 10-mm thick PTFE acts as a perfect 

diffuse reflector, but it is unclear if the reflectance will remain diffuse when the thickness 

is reduced to a submillimeter scale and when it is applied on a glossy surface. Experimental 

and theoretical studies on the directional-hemispherical as well as bidirectional radiative 

properties of the dual-layer structure are performed.  

2.4 Rigorous Coupled-Wave Analysis 
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Solving the Maxwell’s equations numerically can be done using various 

computational methods, such as finite element method (FEM), finite-difference time-

domain method (FDTD), method of moments (MOM), etc. These methods have been 

developed for several decades and are available in a number of commercial softwares, such 

as Remcom’s XFDTD, Lumerical’s FDTD solutions, FEM-based COMSOL’s RF Module 

and Ansoft’s HFSS. Based on the meshing and discretization, they can handle the light-

matter interaction of complex structures and light sources, but also suffer from the 

discretization error and significant computation cost. For periodic structures, especially 

micro/nano-scale gratings, rigorous coupled-wave analysis (RCWA), also referred to as 

Fourier modal method is more suitable and does not require a discretization scheme.  

Isotropic RCWA for 1-D grating was first proposed in 1981 by Moharam and 

Gaylord [82], and an efficient implementation was later presented [83]. The algorithm was 

reformulated by Li [84] with a stable Fourier factorization rules. For anisotropic gratings, 

Glytsis and Gaylord [85] also formulated RCWA for 1-D case in three-dimensional space. 

Radiative properties of other periodic structures can also be efficiently calculated based on 

the formula for gratings. An easy-to-implement algorithm for 2-D periodic structures made 

of biaxial materials with a diagonal permittivity tensor is presented by Zhao [41]. The 

current work does not intent to focus on the theoretical development or implementation of 

RCWA, and only a brief introduction of the simplest case is presented to illustrate the gist 

of this method.  

The Helmholtz equation for E is: 

 2 2( ) 0k E     (2.19) 
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Take transverse electric (TE) mode for example, E field only has component in the 

transverse (y) direction, then: 
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Note that this equation is valid in the incident and refracted medium, with different 

permittivity values, and 0k  is the wave vector in vacuum. To solve the Helmholtz equation, 

the electric field (inside the diffracted medium) is expressed with a Fourier expansion in 

terms of the space-harmonic fields as: 
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Likewise, the dielectric function should also be expanded in a Fourier series: 
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Plug into Eq. (2.20): 
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which is a system of N equations, and N is the number terms used in Fourier expansion. 

This system of equations can be normalized with 0k  and written in matrix form: 
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where 2
xK  is a diagonal matrix formed by 0/xjk k , the normalized coordinate is 0'z k z , 

and E  is formed by permittivity harmonics.  
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Notice that matrix A is non-diagonal, the second order differential equation can be 

easily solved once the system is diagonalized. The key is to find the eigenvalues and 

eigenvectors of A. Let Ψ WΓ , where W is the matrix whose m-th column is the 

eigenvector corresponding to the m-th eigenvalue of the matrix A. By the definition of 

diagonalization, it is known that 1D W AW , where D is the diagonal matrix with the 

eigenvalues of A. Now the decoupled equation is: 
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the solution of which is simply: 

 0 0( )
( ) , 1, 2,3,...,j jk q z d k q z

j j jz c e c e j n
        (2.26) 

where jq  is the positive square root of the eigenvalue of matrix A. And the coefficient of 

Fourier series of E can be obtained from Ψ WΓ . The unknowns jc  and jc  from above 

can be obtained by phase matching condition at the interface, and H field is obtained from 

the Maxwell’s equation as: 

 ( )
j

H E


    (2.27) 

The details of the formula can be found in Ref. [83], as well as the similar formula for TM 

case.  

RCWA method provides a semi-analytical solution to the electromagnetic waves 

propagating in periodic medium and is very suitable for investigation of radiative 

properties of gratings in the present study. It is more flexible in dealing with small 
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structures like 2D materials compared with FEM and FDTD, which becomes very 

challenging and time-consuming due to the requirement of sufficiently small and fine 

meshing. As pointed out by Zhao [41], when structures with small characteristic lengths 

coexist with large structures, such as the hybrid grating-graphene structure, this method is 

an ideal tool for numerical study.   

2.5 Magnetic Polaritons in Deep Metal Gratings 

The finding of magnetic polariton starts from 1999, when Pendry et al. [35] reported 

that a nonmagnetic metallic element with subwavelength features, such as a split ring or a 

Swiss roll structure, exhibits an effective magnetic permeability that can be tuned to a wide 

range of values not accessible in natural materials. This phenomenon originates from the 

induced electric current in the metal structure that give rise to a magnetic response. When 

combined with negative permittivity, these structures ultimately lead to the discovery and 

development of materials with effective negative refraction index, a special class of 

metamaterials [86]. Similar to the surface plasmon polariton (SPP), which refers to the 

collective motion of conduction electrons due to the coupling with external electric field, 

the magnetic response or coupling has been termed as the magnetic plasmon or magnetic 

polariton (MP) [25]. Over the past two decades, MPs have demonstrated applications in 

extraordinary optical transmission, cloaking, coherent thermal emitters, and enhanced 

absorption when coupled with novel 2D materials [87]. However, they were mostly 

demonstrated on spherical or cylindrical structures, while experimental demonstration of 

MPs on metallic gratings is rarely reported, despite the abundant theoretical studies and 

relatively simpler fabrication processes.   
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Wang and Zhang [88] theoretically and later experimentally [37] demonstrated 

coherent thermal emission from thin metallic gratings due to the excitation of MP. 

However, this type of metamaterials is based on the resonance between the periodic strip 

on top and the metallic substrate separated by a thin dielectric film. Mattiucci et al. [89] 

theoretically demonstrated a temporally coherent, wide-angle thermal radiation source 

based on the bulk resonance of a deep Al grating. Zhao and Zhang [90] examined the 

fundamental mechanism of MPs inside deep metallic gratings with a full-wave analysis 

and a simplified model. Their work has distinguished MPs from the conventional cavity 

modes. In addition to coherent emission, it has also been reported that MPs could facilitate 

extraordinary transmittance in slit arrays [39, 91], which has broad applications in optical 

devices including modulators, color filters, and polarizers. Recently, Zhao and Zhang [40] 

reported the strong plasmonic coupling of deep metal gratings with graphene, which shows 

perfect or near-perfect absorption that can be tuned for subwavelength imaging or energy 

harvesting. Similar coupling was also demonstrated in hBN-grating structure [92]. 

Nevertheless, no experimental work has been conducted so far to study the effect of MP 

on the radiative properties of deep metal gratings. An effort to demonstrate the MPs in deep 

Al gratings will be presented in this work, with emphasize on the different dispersion 

contour for in-plane and off-plane lay-out of gratings.  
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CHAPTER 3 

INSTRUMENTATION FOR MEASUREMENT OF SPECTRAL 

RADIATIVE PROPERTIES 

 

The study of reflectance and transmittance of a material as a function of wavelength 

is termed as spectrophotometry. This chapter presents the information of the 

spectrophotometers used in the thesis, which includes a monochromator with an integrating 

sphere, for wavelength from 0.28 m to 1.8 m; a Fourier transform infrared spectrometer 

(FTIR) with various accessories, for wavelength from 1.5 m to 19 m; and an optical 

laser scatterometer operated at wavelength of 635 nm. Spectral and directional-

hemispherical (d-h) radiative properties could be obtained with the help of integrating 

sphere, while the specular reflectance is captured using the specular reflectance accessories 

for FTIR. Directional-directional (d-d) radiative properties is obtained using the optical 

scatterometer only at the prescribed wavelength. Operating principles of the equipment are 

detailed, and the measurement equations are derived accordingly.  

 

3.1 Monochromator with Integrating Sphere 

The schematic of the monochromator with an integrating sphere is shown in Figure 

3.1. A tungsten-halogen lamp is chosen as the light source with a broad spectral range from 

visible to NIR. The lamp should be kept on for a least one hour before the measurement 

for the system to reach thermal equilibrium. Several band-pass filters are mounted on a 

filter wheel and placed between the monochromator and the light source. The transmission 

window for the filters are from 400 nm to 750 nm, 750 nm to 1200 nm and 1100 nm to 
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1900 nm. By interchanging the filters, the grating monochromator (Oriel Instruments 

Cornerstone 130) could produce highly selective single wavelength light. The broadband 

spectrum from the lamp beam is diffracted by the gratings (1200 lines/mm) into various 

directions, and only the selected wavelength leaves from the exit slit. The grating provides 

a resolution of 10 nm at the 500 nm wavelength when combined with a 1.56 mm wide 

entrance and exit slit [93]. The width and height of the exit beam could be reduced by 

blocking the exit slit when needed. This is known as a dispersive spectrophotometer, which 

is frequently used in visible to near infrared region due to higher accuracy, another example 

of dispersive methods is a prism. A mechanical chopper is then used to modulate the light 

at a frequency of 400 Hz, which is synchronized to a lock-in amplifier (EG&G 7265DSP) 

to pick up the signal. Two collimating lenses ( 1 225 mm and 100 mmf f  ) are used to 

focus the incident light onto the sample surface. When center-mount scheme is used, the 

incident light is focused onto the center of the integrating sphere. This scheme offers 

convenience in changing the angle of incidence by rotating the sample holder, but is 

incapable of differentiating reflectance dhR  from transmittance dhT , and only the 

summation dh dhR T  is measured [94]. For the studies in the present work, either back-

mounting is used for dhR and reference measurement, or front-mounting is used for 

measuring dhT , as shown in the schematic. The focus can be tuned by moving the lenses 

along the axis, and be visualized by attaching a piece of anti-sticking tape to the focal plane.  

The integrating sphere is a 200-mm-diameter sphere imbedded in a cube, custom-

designed from Sphere Optics, Inc. Five ports are opened at the center of each face, and 

only the front and back port are being used. The port diameter is 25 mm and can be reduced 
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by half using a smaller aperture when the sample is too small. The inner wall is coated with 

polytetrafluoroethylene (PTFE), producing a nearly diffuse reflectance of approximately 

0.99 in the working wavelength of the equipment [81]. A silicon detector and a germanium 

detector are used for visible and near infrared measurement, the working range is from 190 

nm to 1 m, 0.8 m to 1.8 m, respectively. Considering the limitation of light source and 

filters, the measurements are taken with Si detector from 0.4 m to 1 m, and with Ge 

detector from 1 m to 1.8 m. Usually an overlapped region of around 60 nm is taken with 

both detectors to test the signal consistency. The filters should also be switched accordingly 

as the output wavelength changes. Note that by selecting a different filter with a pass band 

from 350 nm to 550 nm, measurement range can be extended below 400 nm. This is of 

special interest for solar energy applications, which requires data starting from 280 nm. 

The uncertainty of measurement from 280 nm to 350 nm is still large due to the spectral 

power distribution of light source, as well as the cut-off limit of the filter being used. 

Inside the integrating sphere, a baffle is fixed above the detector to block the first 

order reflection directly from the sample, which is required from the derivation of the 

integrating sphere equation. A 10-mm thick PTFE slab is used as a reflectance standard 

and mounted at the back of the integrating sphere when collecting the reference signal. The 

incident light undergoes multiple reflections inside the sphere before being captured by the 

detector. The detected signal is passed to the trans-impedance pre-amplifier and then to the 

lock-in amplifier, which picks up the modulated signal at 400 Hz. Due to the presence of 

the modulation, most experiments do not require a dark room, unless the reflectance from 

the sample is very small, and the gain from pre-amplifier is too large that room lighting 

causes the saturation of the detector. The data acquisition from the lock-in amplifier is 
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automated using LabVIEW. At each point, multiple data points are acquired (usually 10) 

and averaged. The ratio of the obtained power over that from the reflectance standard gives 

the dhR  or dhT of the measured sample. It is worth mentioning that in the current scheme, 

the reflectance is relative which depends on the reference sample, while the transmittance 

is absolute value. Absolute reflectance measurement using integrating spheres can be found 

in Ref. [95]. The absolute uncertainty in this work is estimated to be 0.02 for dhR  and 0.01 

for dhT  [29, 96]. 

 

Figure 3.1.  Schematic of the integrating sphere with monochromator for visible to near 

infrared range radiative properties measurement. 

 

When attaching the sample to the back, a vertical sample holder is used for diffuse 

samples, and a slightly tilted sample holder is used when measuring highly specular 

surfaces. The tilted sample holder can prevent the specular reflection from escaping from 

the front port, so the d-h reflectance can be measured accurately. It is assumed that by 

slightly tilting the sample, the reflectance should not change significantly. Strictly 
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speaking, the condition under which the reference signal and the sample signal are taken 

should be identical, meaning that the fractional surface area of sample, entrance port and 

PTFE should remain the same. By switching the sample and the reference PTFE slab during 

the measurement, this criterion is not satisfied. It is suggested that two symmetric ports 

should be opened at the back side, each at 8° normal to the entrance port. During the 

measurement, one port is mounted with sample while the other is left blank. This method 

measures radiative properties of 8° incidence rather than normal incidence, gives absolute 

reflectance value that does not require correction based on reference reflectance, and can 

easily deal with both specular and diffuse surfaces, with an error reduction to around 0.1% 

[95]. However, it requires a customized integrating sphere and precise control of its rotation 

during the measurement, which significantly increases the cost and complexity of the 

system.  

3.2 Fourier Transform Infrared Spectrometer and Accessories  

The near- and mid-infrared radiative properties are measured using an ABB FTLA 

2000 FTIR. The schematic of FTIR is shown in Figure 3.2. An FTIR is essentially an 

interferometer, with a moving mirror scanning a certain distance L while holding the other 

mirror still. The incident light is divided into two beams by the beam splitter and 

recombines after being reflected by the two mirrors. The optical paths of the two beams 

have a difference  , which leads to an interference pattern after the two beams recombine. 

The obtained interference pattern, i.e. interferogram ( )I  , is transformed to frequency 

domain using Fourier transform, as: 

 ( ) ( ) cos(2 )B I d   




    (3.1) 
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where ( )B   is the obtained spectrum and   is the wavenumber. Ideally, the Fourier 

transform requires the optical path difference ranging from   to  , while in reality, the 

mirror only moves a distance of L. It can be shown that by doing so, the resolution of the 

obtained spectrum is 
1

L
 [97].  While the resolution in the frequency domain is decided by 

the integration range in the spatial/time domain, the range of the frequency domain depends 

on the integration resolution in the spatial/time domain, i.e. dL. If the mirror takes more 

steps and has a smaller dL value, the obtained spectrum should be broader. However, the 

spectral range is oftentimes limited by the detector’s responsivity and bandgap, light source 

and transmission window of the lenses in the system. 

 

Figure 3.2.  Schematic for the principles of FTIR, the moving mirror collects 

interferogram in the spatial domain and utilize Fourier transform to obtain frequency 

domain spectrum. 
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For a monochromatic light, the interference pattern should be a sinusoidal signal. 

Yet in FTIR where a broadband emitter is used as the light source, the interference pattern 

is the superposition of infinite sinusoidal signals each with a different frequency. At the 

position where 0   though, all the sinusoidal signals should be at maximum due to the 

constructive interference of the two beams, this phenomenon is called centre-burst. Note 

that sometimes there is indeed a monochromatic light with a known wavelength in the 

system, oftentimes a He-Ne laser, which is used for calibration of the optical path 

difference and to improve the resolution of the system.  

In this work, an ABB FTLA-2000 FTIR was used for spectroscopic measurements, 

with a near infrared source of quartz halogen and a mid-infrared source of SiC. The NIR 

source should be turned off after each measurement to save lifetime while the MIR source 

can be left on. The lowest wavenumber measurable of this device is limited by the 

transparency window of ZnSe to approximated 500 cm-1, while the highest wavenumber is 

limited by the magnitude of the signal and the sampling frequency dL. Data up to 14000 

cm-1 can be obtained, but the cut off wavelength is usually 6000 cm-1 to 8000 cm-1, beyond 

which the noise is too large. Note that two sets of detectors are used, a deuterated triglycine 

sulfate (DTGS) detector for specular reflectance/transmittance, and a HgCdTe (MCT) 

detector with a 100-mm-diameter gold-coated integrating sphere for d-h 

reflectance/transmittance. The MCT detector has a cut-off wavenumber around 630 cm-1 

(16 m) and requires liquid nitrogen cooling before measurement. The minimum resolution 

of this device is 1 cm-1, while during experiment 4 cm-1 or 8 cm-1 is often used to save scan 

time and remove unwanted interference features. The FTIR can also be coupled with 

external sources to achieve specific measurement [37].  
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Before measurement, the NIR source should be turned on for at least one hour to 

achieve thermal equilibrium, then alignment should be checked by observing the 

interferogram of the system. It is expected to see an centre-burst in the interferogram, 

otherwise the system should be checked. Next a background scan is obtained by measuring 

without loading any sample. Note that for transmittance measurement, no reference sample 

is needed, whereas for reflectance measurement, a reference piece, oftentimes a gold 

substrate with known reflectance, is placed at the sample holder as the reflectance standard. 

An open beam test is needed for reflectance measurement to account for the reflectance 

from apertures in the accessories. After loading the sample, the spectrum is taken and 

averaged multiple times to achieve smaller noise. While the measured value gives the 

transmittance directly, the reflectance can be computed by the following equation: 

 
sample open beam

ref
open beam1

I I
R R

I


 


  (3.2) 

where I is normalized using the background, and refR  is the reflectance standard of the 

gold piece, taken as 0.985 for deposited gold film and 0.95 for the roughened gold substrate 

used in the integrating sphere. For absolute reflectance measurement, one can either use 

the aforementioned integrating sphere design [95] or the classical V/W design. Purging can 

be done both inside and outside the FTIR in the accessories, using nitrogen to remove CO2 

and H2O vapor in the atmosphere, which are highly absorbing at certain wavelength. It is 

necessary to obtain another background when the system state is altered, for instance the 

purging has stopped, the polarization of the incident light is changed, or simply after around 

an hour, when the intensity from the light source might have drifted.  
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Figure 3.3.  Pictures of the FTIR accessories; (a) a specular accessory collecting 

reflection at 10° incident, accessories at 30° and 45° incident angle are also available; (b) 

a gold-coated integrating sphere with a MCT detector for directional-hemispherical 

properties measurement. 

 

It is beneficial to take a closer look at the accessories being used in the thesis, as 

shown in Figure 3.3(a). The specular accessories provide reflectance measurement at 10°, 

30° and 45° using three separate devices. This feature is important for the grating project 

to observe the magnetic polaritons. The d-h measurement for both transmittance and 

reflectance are done using the integrating sphere shown in Figure 3.3(b). The light beam is 

focused at around the center of the FTIR stage, therefore when measuring the reflectance, 

the sphere should be moved closer to the light source to focus on the backside, and opposite 

when measuring the transmittance. Purging inside the integrating sphere can be done when 

measuring the reflectance by connecting the integrating sphere with the port of the FTIR. 

Note that a tilted and a vertical sample holder are available in lab, similar to the 

monochromator with integrating sphere. But since the integrating sphere is smaller, the 
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loss from the front port is more significant. The estimated absolute uncertainty is 0.03 for 

dhR  and 0.01 for dhT [96]. 

Overall FTIR has the advantage of high throughput, better signal-to-noise ratio in 

the infrared and higher wavelength accuracy compared to dispersive spectrometers. But 

dispersive methods usually have the advantage of being easier to analyze, works well for 

DC detectors and slow AC detectors, and are chosen for visible to near-infrared region 

measurement. 

3.3 Optical Laser Scatterometer 

The monochromator and FTIR are used for spectral measurement, with limited 

information on the angular radiative properties. An optical scatterometer system has been 

designed and calibrated by earlier studies in the group [43], which provides angle-resolved 

R and T  at a certain wavelength. As shown in Figure 3.4, a laser diode coupled with optical 

fiber is used to provide incident light at 635 nm. The laser diode is equipped with a 

thermoelectric cooling system to provide power stability within a standard deviation of 

0.2%. The laser is modulated using a lock-in amplifier at 400 Hz to pick up the scattered 

light signal from the background radiation. The beam passes through a collimator with a 

pair of lenses and a small aperture, after which a linear polarizer is mounted on a dial to 

allow for the selection of polarization. The presence of polarizer is always required since 

the laser is not randomly polarized, a small perturbation during the experiment could alter 

the polarization state of the incident light, thus affecting the beam splitting ratio. The beam 

splitter divides the light into two portions: the transmitted beam is incident on the sample 

and then captured by detector A, and the reflected beam going to a stationary reference 
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detector B. Both signals are sent through separate trans-impedance pre-amplifiers and 

picked up by the lock-in amplifier. By recording them simultaneously, the laser fluctuation 

can be better accounted for.  

 

Figure 3.4.  Schematic of the TAAS system; note that the arrows in the goniometric 

table indicate the direction in which these angles increase, and that the observation angle 

o is defined separately for BRDF and BTDF, one detector is rotated to capture the signal 

at various observation angles. 

 

The sample is mounted on a goniometric table with three rotary stages, which 

provide both in-plane and out-of-plane BRDF/BTDF measurement. In the schematic, only 

the polar angle, or zenith angle   is shown, though the dimension   can also be varied 

from 0 to 90°. Note that the observation angle o  is defined separately for BRDF and 

BTDF to ensure the range is within 
2


 to 

2


  , and the direction in which it increases is 

indicated by the arrows. The detector A and sample are mounted on different stages 
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controlled by steps motors and automated with LabVIEW. The BRDF within 2.5  of the 

retroreflection direction cannot be measured since detector A blocks the incident beam. At 

each measurement step, the signal from both detectors are measured multiple times (usually 

10 times) and averaged. The detailed information on the resolution, accuracy and 

repeatability of the stages can be found in Ref [43].   

The measurement equation for BRDF is given as: 

 A

B o o

BRDF
cos

P
C

P  



  (3.3) 

where AP and BP  are the power collected by detector A and B, respectively, and the solid 

angle of the detector A is measured to be 4
o 2.11 10    sr. A precision aperture of 8 

mm diameter is placed in front of detector A, and the distance between the sample and the 

precision aperture is 488 mm. Consequently, the solid angle deviates from the previous 

reported value of 41.84 10 [43]. The constant C compensates for the beam splitting ratio 

and gain difference from the two pre-amplifiers. Thus, it is necessary to measure the beam 

splitting ratio by unloading the sample and collecting the transmitted light directly using 

detector A, each time before and after experiment. The power of the same beam before and 

after being diffusely scattered can be four orders of magnitude different, therefore a large 

dynamic range of the pre-amplifiers is needed to ensure at least five significant digits from 

the lock-in amplifier output. Note that incident wavelength could be changed easily by 

replacing the laser diode with another one while maintaining the rest of the configuration. 

Detectors should also be changed accordingly when needed.  
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Compared with the scatterometer at National Institute of Standards and Technology 

(NIST), which is only for in-plane BRDF measurement [98], this three-axis automated 

scatterometer (TAAS) offers the off-plane measurement capability and has resulted in 

multiple research works [57, 99-101]. Nevertheless, there are some problems that needs to 

be pointed out. The spectral range of this scatterometer is indeed limited by the wavelength 

tunability of the light source. Monochromators with tungsten-halogen lamp offers broader 

range, as shown in the previous equipment, but does not offer high enough intensity, such 

that the scattered light is too weak to be picked up. Also, as to be discussed later in Chapter 

6, dhR  and dhT  can be obtained by integrating BRDF and BTDF over the hemisphere, 

respectively, based on their definition. But it has be shown by multiple researchers that the 

values measured yields a bias of around 5% [43, 57, 93]. Last but not least, due to the 

sample holder being used, samples with thin and flexible texture tend to have larger 

uncertainty due to surface bending, especially at large incident angles.  
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CHAPTER 4 

RADIATIVE PROPERTIES OF SEMITRANSPARENT CERAMIC 

PLATES 

  

This chapter provides an experimental and theoretical study on the radiative 

properties of three dense refractory ceramic plates: Al2O3, AlN and Si3N4. By examining 

the d-h and specular transmittance and reflectance, information such as the optical 

constants, volumetric scattering, porosity and surface roughness can be obtained.  The 

sample characterization and experimental methods are introduced first, then the measured 

spectra are interpreted qualitatively. Mie scattering theory is applied to provide quantitative 

information on the porosity and scatterer size of Al2O3 and AlN plates, while Lorentz 

oscillator model is used to obtain the optical constants of Si3N4. Knowledge gained from 

this study may facilitate the heat transfer analysis in high temperature refractory systems, 

and also help understand the light scattering in such dispersed medium. 

4.1 Sample Characterization and Experimental Method 

Dense ceramic plates of Al2O3, AlN and Si3N4 were purchased from MTI 

Corporation (Richmond, CA), with the lateral dimensions being 50 mm by 50 mm. Both 

the Al2O3 and AlN samples are tape cast with a nominal thickness of 0.5 mm. The hot-

pressed Si3N4 sample is about 1.5 mm thick. These samples are relatively pure with greater 

than 99% purity and their densities very close to the bulk counterparts. Despite the high 

purity, Al2O3 and AlN are translucent rather than transparent, due to the light scattering 

produced by grain boundaries and less than 1% impurities. The Si3N4 specimen of 1.5 mm 

is opaque and dark in the whole measured spectral region. Each of samples has two 
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different surface conditions, one side is relatively smooth and the other is relatively rough. 

Images and roughness of both sides of each specimen was measured using an Olympus 

LEXT OLS4000 3D laser confocal microscope, presented in Figure 4.1. One can see an 

obvious contrast between the smooth and rough sides, and the average grain size of AlN 

sample can be estimated to be about 3 μm to 5 μm. The grain sizes for Al2O3 and Si3N4 

specimens are expected to be less than 1 μm. Table 4.1 summarizes the specimen 

composition, purity, density, fabrication method, and root-mean-square (rms) surface 

roughness [96]. 

 

Table 4.1.  Sample description including fabrication method, purity, thickness, density, 

and typical root-mean-square (rms) surface roughness on each side. 

Material 
Fabrication 

method 
Purity 

Thickness 

(mm) 

Density 

(g/cm3) 

Smooth side 

σrms (μm) 

Rough side 

σrms (μm) 

Al2O3 Tape cast 99.6% 0.51 3.87 0.017 0.32 

AlN Tape cast 99% 0.53 3.26 0.027 1.09 

Si3N4 Hot pressed 99.95% 1.51 3.26 0.028 0.19 

 

The directional-hemispherical reflectance and transmittance of the specimens were 

measured by the monochromator with an integrating sphere introduced in Chapter 3. The 

measurement was from 0.4 μm to 1.8 μm with 0.02 μm increment. Since the polished 

surfaces produce a significant portion of specular reflectance, a tilted sample holder was 

utilized to measure the specular plus diffuse reflectance components. Diffusely reflected 
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component were measured using a vertical sample holder. The specular reflectance for the 

smooth surface of each specimen, represented by spR , can be obtained from the difference 

of the reflectance measured with the sample holder that is titled tiltR  or vertical vertR , so 

the specular component is obtained by sp tilt vertR R R  . For the rough side, the specular 

component is negligibly small, and the measured d-h reflectance is based on the average 

of tiltR  and vertR .  

 

Figure 4.1.  Confocal microscope images of (a) the smooth side and (b) the rough side 

of the AlN ceramic sample. 

 

The near- and mid-infrared transmission and reflectance of each sample were 

measured with the FTIR from 630 to 6000 cm-1 (wavelengths from about 15.9 μm to 1.67 

μm) using the gold-coated integrating sphere with the MCT detector. A tilted sample holder 

is used along with the diffuse gold standard, which has a reflectance of 0.95 and nearly 

independent of the wavelength according to the manufacture. The open beam (background) 

is taken when no sample or reference is mounted in the sample holder, which is corrected 
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in the data reduction process according to Eq. (3.2). For measurement of the d-h 

transmittance, the sample is placed at the front port while the backport is covered with the 

diffuse gold standard. Specular reflectance is measured with the same FTIR spectrometer 

using a 10° specular reflectance accessory and a DTGS detector, from about 500 to 6000 

cm-1 (wavelengths from about 20 μm to 1.67 μm). The sample is placed on top of a set of 

mirrors so that only specular reflection can be captured. The measurement is related to a 

gold reference mirror, the reflectance of which can be calculated using the optical constants 

of gold (around 0.985) and corrected to obtain the sample reflectance [102]. The specular 

transmittance at normal incidence was also measured using the FTIR setup and the DTGS 

detector without the integrating sphere. 

4.2 Measurement Results and Interpretations 

4.2.1 Visible and Near-Infrared Radiative Properties 

The directional-hemispherical reflectance and transmittance of the Al2O3 plate 

measured by the monochromator and integrating sphere are plotted in Figure 4.2(a), along 

with the specular reflectance determined from experiment Rsp and model Rmodel. It is shown 

that the sum of the directional-hemispherical reflectance and transmittance is close to unity, 

suggesting that absorptance, dh dh1 R T    , is negligible in the concerned wavelength 

range. Rsp can be compared with theoretical estimation based on Fresnel’s reflection 

formula at the interface between air and a semi-infinite medium. At normal incidence, the 

model reflectance is [7]:  
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where n and κ denote the refraction index and extinction coefficient, respectively, taken 

from Ref. [8]. The experimentally obtained specular reflectance agrees well with the 

reflectance from the model near the wavelength 1.8 μm  , but decreases towards shorter 

wavelengths due to surface scattering even though the rms roughness is 17 nm only, which 

also indicates that surface roughness is negligible beyond 1.8 m. 

Considering the multiple reflectance from the top and bottom surface, for a Al2O3 

plate with perfectly smooth surfaces, it is expected that dh sp2R R . Even considering the 

surface roughness, dhR  should not change significantly since the absorption is negligible. 

Therefore, the large dhR  shown in Figure 4.2(a) is from diffuse reflection caused by 

volume scattering, which may come from scattering by impurities, pores and grain 

boundaries.  

The measured reflectance and transmittance of AlN is shown in Figure 4.2(b,c), 

with the optical constants taken from Ref. [16]. Unlike Al2O3, the absorptance of AlN is 

non-zero, but increases toward shorter wavelengths, especially in the visible region. This 

could be caused by the increased absorption toward the bandgap along with the enhanced 

volume scattering at shorter wavelengths. The increased volume scattering also causes the 

decrease of both dhR  and dhT . Similar to Al2O3, surface scattering is also stronger at short 

wavelengths as seen by the smaller spR . Note that the volume inhomogeneity of AlN is the 

largest among the three samples with about 1 % impurities, which might cause some 

deviation from the refractive index obtained from AlN crystals. 
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Figure 4.2.  Radiative properties of the three samples in the visible and near-infrared 

region measured with the monochromator and integrating sphere: the directional-

hemispherical and specular reflectance for (a)Al2O3, (b)AlN and (d)Si3O4, the calculated 

specular reflectance from the surface reflection model is also shown together; (c) 

absorption and transmission of AlN sample.  

 

Si3N4 plate appears dark gray and opaque and no transmittance is obtained, as 

shown in Figure 4.2(d). Surface scattering can also be observed on the sample by the 

difference of spR  and modelR , which is taken from Philip [18]. Note that dh_smoothR  

follows the trend of modelR  and increases slightly towards short wavelength due to change 
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of refractive index. The difference is attributed to volume scattering which has enhanced 

diffuse reflectance. Compared to the other samples, volumetric scattering is much weaker. 

For a surface without volume scattering, spR  varies with surface roughness but dh_smoothR  

should remain close to modelR .  

4.2.2 Near- to Mid-Infrared Radiative Properties 

Figure 4.3(a,b) shows the dhR , dhT , spR , dhT  measured with FTIR for Al2O3. Note 

that the reflectance varies with the surface roughness and they are plotted separately for 

the relatively smooth and rough surface, while the transmittance is the same for both 

surfaces. A closer up view of the phonon (absorption) band, also called the reststrahlen 

band, is also plotted from about 500 cm-1 to 900 cm-1, when the extinction coefficient  is 

large, and the reflectance is very high. The Christiansen wavelength is observed at the edge 

of the band, at approximately 1038 cm 1, where the reflectance approaches to zero and the 

absorptance is close to unity. The difference of reflectance between the smooth and rough 

surfaces can be clearly seen within the phonon band. This can be understood from the 

effective medium approximation, where the roughness region behaves as an effective 

antireflection layer. For incidence on the same surface, the specular reflectance spR  is 

somewhat lower than that of the directional-hemispherical reflectance dhR . This may be 

attributed to a small amount of volume scattering, though uncertainties in the 

measurements may account for some of the differences. Beyond the reststrahlen band and 

in the higher wavenumber region 1 11500 cm 6000 cm   , dhR  for both sides is very 

close and much higher than spR , which suggests that volume scattering plays a significant 
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role or even dominates the radiative properties in the short wavelength region. This can 

also be observed by examining spT  and dhT .  

 

Figure 4.3.  Radiative properties of the Al2O3 and AlN in the mid-infrared region 

measured with FTIR: (a,c) the directional-hemispherical reflectance and transmittance 

along with the specular transmittance, at wavenumbers from 630 cm 1 to 6000 cm 1; (b,d) 

comparison of the specular and directional-hemispherical reflectance for both sides from 

500 cm 1 to 1500 cm 1. 
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At wavenumber  11700 cm  , spT  decreases exponentially when dhT remains relatively 

stable, indicating a transition from surface to volumetric scattering, the same conclusion 

obtained in analysis the VIS to NIR data. Note that in the overlap region of these two sets 

of equipment, the measured data has achieved good agreement.  

The radiative properties of AlN is also shown in Figure 4.3(c,d) with similar 

features. The reststrahlen band and Christiansen wavelength (at about 1028 cm 1) can also 

be observed. Note that the roughness causes significant reduction of reflectance in the 

reststrahlen band on the rough side due to relatively larger roughness compared with Al2O3. 

Beyond the phonon band where the volume scattering is dominant, the d-h reflectance from 

the two surfaces is very close. spT  drops to zero more quickly at larger wavenumbers due 

to the stronger scattering and absorption.  

 

Figure 4.4.  The directional-hemispherical reflectance and the specular reflectance of 

the Si3N4 sample from 500 cm 1 to 1500 cm 1 
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dhR  and spR  for the two sides of Si3N4 is plotted in Figure 4.4. The phonon features 

in Si3N4 are more complicated due to involvement of more atoms in a unit cell and thus 

more lattice vibration modes. However, the main phonon bands observed are in reasonable 

agreement with the literature for amorphous Si3N4 film and ceramic samples [18-20, 22], 

with a much higher reflectance value. The Christiansen wavelength is at 1201 cm 1, beyond 

which both dhR  and spR slowly increase, and the smooth side is slight higher than the 

rough side due to surface scattering. Since the Si3N4 plate has higher purity and stronger 

absorption, volume scattering plays a less important role compared with the other two 

samples. The detailed band structure will be fitted in the following section using Lorentz 

oscillator model.  

4.3 Theoretical Modeling 

4.3.1 Scattering and Absorption Coefficient 

Before further analysis of the light scattering and transport inside the medium, it is 

necessary to connect and smooth the data obtained from measurements. Polynomial 

functions are used to smooth the relatively high noise in the FTIR measurement by splitting 

the spectrum into several regions so that suitable weight can be intentionally placed to 

remove some artifacts and noises. The purpose of using the polynomial fit is to capture the 

main scattering and absorption properties of the sample without paying too much attention 

to the details, so some defects from water vapor and CO2 absorption are neglected, such as 

absorption band caused by the adsorbed moisture in the sample due to O–H bonds. A final 

fitting is performed that combines the monochromator data and FTIR data using a 
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polynomial function of up to nine orders for the reflectance or transmittance. Then the 

scattering and absorption coefficients are calculated from the IAD code developed by Prahl 

[61]. It has been shown that volume scattering dominates the radiative properties in the 

semitransparent region for the samples studied, in addition, the d-h properties are not 

affected, therefore the flat surface approximation in the IAD method is valid in this analysis.  

The scattering and absorption coefficients obtained from IAD method is presented 

in Figure 4.5. The IAD extraction becomes unreliable beyond 2 μm   due to the very 

low R and T of the sample. As expected, the scattering coefficient   decreases but the 

absorption coefficient  increases as the wavelength increases. In the visible region, the 

scattering coefficient is very high (∼20 mm 1) and the scattering albedo is close to 1. The 

absorption effect begins at about 3 µm and increases quickly as the wavelength increases 

to beyond 5 µm. This significant volumetric scattering could be caused by impurities, grain 

boundaries and pores. Given the high purity of the Al2O3 sample exceeding 99.6%, only 

scattering by pores is considered. Various pore size and concentration are tried based on 

the estimation from the confocal microscope images, the calculated scattering coefficients 

from Mie theory are plotted in Figure 4.5 (a). A smaller pore size tends to give higher 

scattering coefficient at shorter wavelengths but drops off very fast toward longer 

wavelengths, while a larger size gives a good agreement in the near- and mid-infrared 

region but not as high as the IAD results in the shorter wavelengths. By combining these 

two pore sizes with the corresponding concentration, the scattering coefficients obtained 

by the IAD method and the Mie scattering calculations agree reasonably well. The overall 

porosity is within 2%, agreeable with the prediction from confocal images.  
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Figure 4.5.  Scattering and coefficient of Al2O3 and AlN: (a,c) the retrieved values from 

IAD method compared with the prediction made by Mie theory, the radius and 

concentration of the pores are indicated on the plot, note that two types of pores are used 

for Al2O3; (b,d) the absorption coefficient obtained from IAD method and from the 

imaginary part of the refractive index, taken from Tropf and Thomas [9] for Al2O3 and 

Moore et al. [15] for AlN. 
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Unlike scattering coefficient, the absorption coefficient from Mie theory prediction 

are for absorbing particles. But in the current study the absorption mainly comes from the 

medium, not the air pores. Instead, the absorption coefficients could be deduced from the 

optical constants by [7]: /     , as shown in Figure 4.5(b). It can be seen that the 

absorption coefficient calculated from the literature [9] for λ > 4 µm agrees well with that 

obtained from the IAD. The exponential increase in the absorption coefficient can be 

understood as due to multiphonon absorption. The slight deviation may be attributed to the 

sample difference and the inaccuracy of the extraction method used here in the region 

where both the R and T are low. 

Similar approach was performed on the AlN sample and the results are shown in 

Figure 4.5(c,d). Since the optical constants obtained from literature fails to the match with 

the sample studied, a Lorentz model fitting was first performed to obtain the dielectric 

function for wavelength range 1.75 μm  , as to be introduced later. In the region 

0.4 μm 1.75 μm  , it is found that the ceramic material may have a somewhat lower 

refractive index than single-crystal AlN, caused by the impurities and the variation in 

crystalline structure. Thus the refractive index is obtained by subtracting 0.2 from the 

compiled values [16] in this range. It should also be noted that the back side of the AlN 

sample has an rms roughness of about 1 µm. This relatively high roughness may impact 

the smooth surface model used in the IAD calculation. 

By assuming air pores with r = 0.6 µm and  = 0.5 %, the scattering coefficients 

predicted by the Mie theory appear to follow the similar trend as those obtained from the 

IAD method. Some wavy features in the Mie prediction can be removed by considering a 
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particle size distribution, though it was not done here for simplicity. The IAD method also 

shows wavy feature, which might come from the impurity and large grain size (3~5 m). 

The absorption coefficient calculated from  values from Moore et al. [15] are plotted 

against the values retrieved from IAD, and it tends to overpredict at short wavelengths due 

to the use of Lorentz model. Overall, the trend of the retrieved scattering and absorption 

coefficient are successfully modeled with Mie theory and the extinction coefficient data, 

while the agreement is not as good as in Al2O3 due to large impurity (1%). Other reasons 

for the disagreement of these two methods may be scattering by grain boundaries with 

much large size parameters or by non-spherical scatters. The scattering coefficient for AlN 

is about 6 times lower in the visible region, while the absorption coefficient of AlN is 

higher in the visible, about 3 m, and beyond 4.6 m, compared with those of Al2O3. The 

larger scattering coefficient of Al2O3 as observed and discussed in previous section comes 

from much smaller pores ( 0.13 μmr  ) compared with AlN ( 0.6 μmr  ), based on the 

Mie prediction, which is also in reasonable agreement with the different microstructures of 

these two ceramic materials. 

4.3.2 Lorentz Oscillator Model 

The Lorentz oscillator model is used to predict the dielectric function of AlN and 

Si3N4 samples in the near- and mid-infrared regions. This model treats each discrete 

vibration mode as a classical damped harmonic oscillator, and frequency-dependent 

complex dielectric function can be written as a superposition of individual contributions 

[7]: 
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where   is a high-frequency constant, j  is the resonant frequency, j  is the damping 

or scattering rate, and jS  is the oscillator strength. For a model with N Lorentz oscillators, 

the number of unknowns is 3N +1. The steepest ascent hill climber algorithm is used to 

perform a regression analysis of the specular reflectance of the smooth side of the sample 

as done in a previous study [103]. The fitting is performed by minimizing the standard 

error of estimate (SEE), defined as: 
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where the subscripts “meas” and “calc” refer correspondingly to the measured and 

calculated values, and M is the number of data points from the measurements. The 

calculated reflectance is based on the specular reflectance in Eq. (4.1) and then compared 

with the specular reflectance measured to deduce the SEE. 

Although AlN crystals are slightly anisotropic due to its wurtzite structure, the AlN 

sample studied in this work is polycrystalline ceramic with random crystalline orientation, 

thus a single oscillator is used to model the dielectric function without considering the 

anisotropic effect.  The optimized SEE is slightly above 0.01, well below the uncertainty 

in the specular reflectance measurement of 0.02. The good agreement between measured 

and fitted reflectance spectra is shown in Figure 4.6(a) for AlN. The uncertainty for 

resonance frequency is within 3% while the other parameters are about 10%. Some 

noticeable difference occurs at longer wavelengths beyond 12 µm, where resonance 

frequency is reasonable, but strength might differ, giving a slightly smaller reflectance as 
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measured. In addition, the measured reflectance curve seems to have narrower shoulder at 

the resonate frequency, which could come from the birefringence of AlN [15]. The fitted 

parameters are listed in Table 4.2 as below. 

 

Table 4.2.  Lorentz fitting parameters for the AlN and Si3N4 specimens; the uncertainty 

in the resonance frequency is estimated to be within 3% while the typical uncertainty of 

the other parameters is estimated to be 10%. 

   1 (cm )j   jS  1 (cm )j   

AlN 3.71 657 3.34 23.5 

Si3N4 3.67 

1034 0.0861 42.9 

935 0.0684 27.4 

890 1.88 37.8 

569 0.294 16.8 

 

Compared with literature, either AlN crystal [14] or thin films made from vapor 

phase epitaxy [15] , the values and trend reported in this work agree well, with the 

resonance frequency corresponds to the transverse optical phonon mode in these 

publications. The main difference is the larger scattering rate reported here, 23.5 cm-1 

compared with 2.2 cm-1 in Ref. [15], which leads to a lower peak in both n and  as shown 

in Figure 4.6(b,c). As mentioned previously, the impurity of this sample is around 1%, 

which causes the high scattering rate.  
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Figure 4.6(d) shows fitting result for Si3N4, in which strong phonon resonances are 

modeled using four oscillators in the ceramic Si3N4. The obtained refractive index and 

extinction coefficients are plotted against literature in Figure 4.6 (e) and (f), respectively. 

Samples studied by previous research are mostly thin films that are amorphous with 

broadband phonon features, but the phonon structures are difficult to distinguish [19, 20, 

104]. But purity of this Si3N4 exceeds 99.95%, giving rise to strong phonon resonances as 

demonstrated in the measured reflectance. Compared with the published experiments [105] 

and first-principle simulation [106], the infrared active phonon modes can be identified 

based on β-Si3N4. There are six infrared active phonons but two of them are located below 

500 cm 1 (λ > 20 µm). The resonance frequencies of the four phonon modes obtained from 

this work fall between the values given in Refs. [105, 106]. There exist some discrepancies 

in the measured and fitted reflectance at λ = 18 µm, which might be due to the exclusion 

of the longer wavelength phonon resonators. The strong phonon resonances are attributed 

to the high-density, high-purity polycrystalline structure and, to our knowledge, the 

detailed infrared phonon parameters and dielectric function of crystalline Si3N4 have not 

been reported elsewhere. Knowledge of the infrared phonon behavior and optical constants 

may benefit future applications of dense Si3N4 ceramics. 
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Figure 4.6.  Lorentz fitting results for AlN and Si3N4: (a,d) comparison of measured and 

fitted reflectance; (b,e) real part of the refractive index n; (c,f) imaginary part of the 

refractive index , the optical constants are also compared with literature values indicated 

in the labels. 
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CHAPTER 5 

ULTRA-HIGH SOLAR REFLECTANCE 

  

Passive radiative cooling takes advantage of the atmospheric transmission window 

from 8 m to 13 m [68] to emit thermal radiation into deep space. To achieve radiative 

cooling under the direct sunlight requires not only a high infrared emissivity, but more 

importantly, a high reflectance in the solar irradiation range from 0.28 m to 4 m [69]. In 

this chapter, a dual-layer structure focusing on enhancing the solar reflectance is proposed, 

which consists of a sintered polymer sheet atop a thin silver film. The design of the dual-

layer structure was introduced first, along with the measurement method. Then the 

measured results are presented to show the record-high solar reflectance. In addition to the 

high directional-hemispherical reflection, this structure also produces diffuse reflectance 

favorable to real system, which will also be measured and discussed. The mechanism for 

this high diffuse reflectance will be interpreted using different models, and the details of 

the Monte Carlo model used will be covered in the next chapter. Finally, theoretical 

calculations demonstrate the radiative cooling performance under ideal circumstances. 

5.1 Design and Measurement Method 

Sintered polytetrafluoroethylene (PTFE) is a white material of extremely high 

diffuse reflectance from ultraviolet to near-infrared (0.2~2.5 μm wavelength). It has been 

used as the inner coating of integrating spheres and diffuse reflectance standard [80, 81], 

usually with a thickness of 10 mm to achieve opacity, which is not practical for large scale 

applications. It is imperative to reduce the thickness while blocking the transmittance. On 

the other hand, silver (Ag) has a plasma frequency in the ultraviolet, thus possesses high 
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reflectance in most of the solar spectrum from visible to near infrared. The absorption of 

Ag near plasma frequency can be negligible if the ultraviolet radiation is efficiently 

reflected. Thus, by placing a layer of PTFE sheet on top of Ag, the high ultraviolet 

reflectance of PTFE can be combined with the high near infrared reflectance of Ag film, 

and overall solar reflectance can be maximized. It is worth mentioning that the selection of 

PTFE is due to its exceptional reflectance performance which comes from its porous and 

highly scattering nature. Researchers have tried using other particles with highly scattering 

properties to achieve radiative cooling, such as SiO2 [70], TiO2 [65, 73], and more recently 

a similar polymer named poly(vinylidene fluoride-co-hexafluoropropene) (P(VdF-

HFP)HP) [76], but none of them demonstrates a solar reflectance higher than the present 

work. It is not clear though, if the dual-layer structure could also work by replacing the 

PTFE film with some paint made by these particles. But the integrity and availability of 

sintered PTFE films are better than other candidates.  

Sintered PTFE sheets with three different thicknesses were purchased from a 

commercial vendor, referred to as Samples A, B, and C with nominal thicknesses of 0.24 

mm, 0.5 mm, and 1 mm. A 10-mm-thick PTFE slab was used as a reflectance standard for 

measurements at wavelengths from 0.28 m to 1.8 m using a monochromator; its 

reflectance is assumed to be the same as that reported by Weidner and Hsia [81] at each 

corresponding wavelength. For comparison, the 10-mm-thick PTFE slab is referred to as 

Sample D, whose transmittance is negligibly small. 
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Table 5.1.  Measured properties of PTFE sheets. 

Sample A B C 

Thickness (m) 236±4 500±6 993±6 

Density (g/cm3) 1.67±0.05 1.58±0.05 1.65±0.05 

Surface roughness (m) 3.7±0.4 3.5±0.4 3.2±0.4 

 

 

The surface morphology of the PTFE sheet was characterized with a scanning 

electron microscope (SEM) Hitachi S-3700N, as displayed in Figure 5.1(a) [52]. Since 

PTFE is not an electrical conductor, the surface of the PTFE was coated with a 300-nm-

thick Ag layer using E-beam evaporation. It can be seen from the SEM image that the 

PTFE sample contains cracks, porosity, and soft fibrous structures. The surface roughness 

was estimated with an Olympus LEXT OLS40 00 3D laser confocal microscope to be 

between 3 m and 4 m, as shown in Figure 5.1(c). The peak-to-peak roughness is 

relatively large due to the textile structure and potential artifacts caused by the strong 

scattering. Note that the spatial variation of surface roughness on all three samples is not 

significant, and the autocorrelation length is also measured with the confocal microscope 

to be between 20 m and 30 m. A photo of the white PTFE sheet is illustrated in Figure 

5.1(b). Using a micro-balance and sample dimension measurements, the densities of three 

samples are estimated to be around 1.6 g/cm3, which is slightly lower than the values 

reported by Li et al. [57]. The density and surface roughness of each sample are also listed 
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in Table 5.1. The density for Sample D was reported by Li et al. [57] as 1.52 g/cm3, which 

is the lowest of all samples. 

 

Figure 5.1.  (a) SEM image of the PTFE surface coated with a 300-nm-thick Ag layer; 

(b) a photo of the PTFE sheet; (c) confocal microscope image; (d) schematic of the dual-

layer structure, where surface scattering and volume scattering component are illustrated. 

Note that the Ag film is coated on a substrate and it is assumed that an air gap exists 

between the PTFE sheet and the Ag film. 

 

The proposed dual-layer structure is shown in Figure 5.1(d). A thin PTFE sheet is 

placed on top of a silver (Ag) layer. To avoid absorption, no adhesives are applied between 

the two layers and they are mechanically held together, resulting a natural gap of air. The 
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Ag film was E-beam evaporated onto a glass substrate. A 1-m-thick silver film was used 

to avoid possible wear during repeated measurements, though a 200 nm thickness is 

generally considered to be sufficient [7]. It is interesting to note that attempts are made by 

depositing Ag film by E-beam evaporation directly on one surface of the PTFE sheet. As 

it turned out, the reflectance for incidence on the uncoated PTFE surface was reduced. Due 

to the surface morphology of the PTFE, deposited Ag forms clusters and causes more 

absorption and result in a deterioration of the spectral reflectance. Improvement in the 

binding method of the dual-layer structure could be made. 

Both the monochromator with integrating sphere and the FTIR with integrating 

sphere were used to measure dhR  and dhT  of the samples. Wavelength range from 0.28 m 

to 1.8 m was measured with the monochromator with an estimated uncertainty of within 

0.01, except for the shorter wavelength region when 0.40 μm  . The measured 

reflectance was corrected based on the reflectance of the standard 10-mm-thick PTFE 

(Sample D) according to Ref. [81]. dhT  is obtained as 1T R   to avoid the larger 

uncertainty in the transmittance measurement. Since the samples are diffuse, all the 

measurements are for near-normal incidence. 

Measurement in the near- to mid-infrared region was performed on the FTIR with 

MCT detector, with a resolution of 4 cm1 and averaged over 256 scans to improve the 

signal-to-noise ratio. The data are smoothed by averaging 51 near-by points and presented 

with a wavelength interval of about 20 nm. The reflectance of Sample D is also measured, 

which agreed well with literature in the overlapped region. The uncertainties of the 

measurements at wavelengths from 2.0 m to 3.5 m are estimated to be 0.01 and 0.02 
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respectively. At wavelengths longer than 3.5 m, the reflectance of PTFE drops quickly, 

and the measurement uncertainty is estimated to be 0.02 according to Yang et al. [107].  

5.2 Results and Applications for Radiative Cooling 

5.2.1 Directional-hemispherical Reflectance 

Figure 5.2 (a) and (b) shows the measured directional-hemispherical reflectance 

and absorptance of PTFE samples in the solar spectral region from 0.28 m to 4 m. Note 

that all properties presented in this study were measured at room temperature 295 K. The 

absorption is calculated from dh dh1A R T   , and below 1.8 m it is taken to be zero. It 

is shown that in general, the thicker the PTFE sheet, the higher its reflectance gets. The 

absorption bands can be seen from the reflectance curve at around 2.84 m, 3.42 m, and 

4.24 m (not shown here due to the cutoff wavelength of 4 m). They are better visualized 

in the absorption plot, where the thicker the PTFE, the stronger the absorption becomes. 

The weak absorption bands near 2.1 μm   and 2.4 μm  are barely observable in the 

thin PTFE sheets.  In the short wavelength end, there appears to be an abrupt drop of 

reflectance for 0.34 μm  . This may be caused by the absorption of PTFE in the 

ultraviolet (as also indicated by the reduction of reflectance for Sample D) as well as the 

uncertainty near the instrument’s spectral limit. 

When the PTFE sheets are backed with a Ag film, Sample A, the thinnest sample 

with lowest reflectance, is boosted to be the one with the largest reflectance, as shown in 

Figure 5.2(c). In the wavelength region from 0.4 m to 1.7 m, where 92.5% of solar 

irradiation is concentrated [69], the reflectance for all three samples exceeds 0.99. At 

1.7 μm  , the absorption gradually increases, resulting in a reduction of the reflectance. 



 68

Since the Ag reflector helps boost additional multiple scattering events in the PTFE sheet, 

some weak absorption bands can now be seen in the spectra of Samples B and C, near 

2.1 μm and 2.4 μm  , but remain undiscernible for the thinnest sheet (Sample A). 

 

Figure 5.2.  (a) Reflectance and (b) absorptance of the PTFE sheets and the 10-mm slab 

for 0.28 μm < λ < 4 μm. The reflectance of Sample D is taken from Weidner and Hsia [81] 

at wavelengths shorter than 2.1 μm. The absorptance at λ < 1.8 μm is assumed to be zero 

for all samples; (c) reflectance of the dual-layer structures with PTFE sheets on the Ag 

film; (d) spectral emittance of the dual-layer structure with different PTFE thicknesses at 

wavelengths from 2 μm to 15 μm. 
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The fact that Sample A exhibits the highest among all three dual-layer samples can be 

explained in following modeling section. In brief, the thinnest sample has the smallest 

absorption due to multiple scattering enhanced with the Ag film. Beyond 2.4 m, the 

reflectance of Sample A in the dual-layer structure is higher than that of Sample D (without 

Ag reflector), although the fraction of solar radiation is only 1.1%. This result clearly 

demonstrates that using the dual-layer structure can enhance the solar reflectance with 

much less PTFE material. In the ultraviolet end, the reflectance of the dual-layer structure 

remains to be high even though the reflectance of Ag drops quickly towards shorter 

wavelength due to interband transitions. Note that if the absorption in PTFE is negligibly 

small, the reflectance of the dual-layer structure can be higher than the reflectance of either 

a free-standing PTFE sheet or a Ag film. The near- to mid-infrared emittance of the dual-

layer is shown in Figure 5.2(d). All three samples have similar emittance profile and the 

value is high in the atmospheric transmittance window from 8 to 13 m. This indicates a 

potential for radiative cooling application, as to be discussed in the calculation part. 

5.2.2 Bidirectional Reflectance 

The bidirectional radiative properties are measured using the optical scatterometer 

introduced in Chapter 3 at wavelength of 635 nm. BRDF and BTDF of free-standing PTFE 

samples are measured, while only BRDF is measured for the dual-layer structure. Figure 

5.3 shows the BRDF and BTDF at normal incidence of all three samples, the thicknesses 

of which are shown in Table 5.2. The range is set from 0 to 1, but the value could be much 

larger than 1 for a surface with a significant specular component. For a perfectly diffuse 

surface with a reflectance of R, the BRDF should be a constant of /R   . There are some 
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fluctuations of BRDF as well as variations for the three PTFE sheets on Ag. However, the 

variations are insignificant and therefore a quadratic curve fitting is made for all samples 

as shown in Figure 5.3(a). Furthermore, the titling of the measured BRDF may be due to 

imperfect alignment in mounting the sample. Hence, the fitting assumes a symmetric 

function by setting the coefficient of the first term to zero. The standard error of estimate 

of the fitting is 4.7%. For free-standing PTFE, the BRDF increases while the BTDF 

decreases as the thickness increases. Each data set is fit to a quadratic equation and the 

fitted curves are also shown on Figure 5.3(b). Overall, the standard error of estimate for 

the fitting is within 5% for all data sets. 

 

Figure 5.3:  (a) The measured BRDF at normal incidence for three PTFE sheets on Ag 

film. All three samples are fitted with a quadratic curve as shown as the solid line.  (b) The 

measured BRDF and BTDF at normal incidence for the three PTFE samples. The fitted 

values are plotted as solid lines. 
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Both the fitted BRDF and BTDF can be integrated to get the normal hemispherical 

reflectance based on their definition, by assuming no azimuthal dependence: 

 
/2

o o o o o2 0
BRDFcos 2 BRDFcos sinR d d




          (5.1) 

 

Table 5.2:  Thicknesses and the reflectance and transmittance of all three PTFE sheets 

from integration of measured BRDF and BTDF (TAAS) as compared with the values from 

monochromator and integrating sphere (IS) measurements.  

 
Sample A Sample B Sample C 

Thickness (m) 236 500 993 

R (TAAS) 0.786 0.888 0.938 

T (TAAS) 0.243 0.133 0.087 

R+T (TAAS) 1.030 1.021 1.030 

R (IS) 0.755 0.884 0.922 

T (IS) 0.236 0.128 0.072 

R+T (IS) 0.991 1.012 0.994 

 

Similarly, the transmittance T can be obtained by integrating over the BTDF. The 

results are compared with the ones measured from the monochromator with an integrating 

sphere, tabulated in Table 5.2 for the free-standing PTFE samples. For the three samples 

with Ag film, the fitted curve based on TAAS measurements is integrated, resulting in a 

reflectance of 0.999 (after the systematic correction as mentioned previously). The 
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integrating sphere measurements give an average value of 0.986. For the free-standing 

PTFE samples, the integrated values from TAAS measurements agree with that from the 

IS measurements within 4% which is within the combined uncertainties. 

The measured BRDF of Sample A at incident angles of 0°, 30°, 50° and 70° are 

plotted in Figure 5.4, for both the PTFE sheet and the dual layer structure. No specular 

component was generated by placing the silver film at the back of the PTFE sample. This 

could also be verified by considering the profile of BTDF, which is nearly diffuse with a 

small magnitude. For the dual-layer structure to have a specular peak, a significant 

collimated transmittance is required, meaning that the BTDF should have a strong peak 

from the unscattered incident light. The fact that BTDF is diffuse indicates that very strong 

volumetric scattering alters the incident light direction and produces diffuse transmission 

at the back. Given the calculated scattering coefficient of 34.4 mm-1 from the inverse-

adding doubling method [52], a PTFE thickness of roughly 1/ 34.4 0.03 mm  is required 

to observe noticeable collimated transmittance, which is ten times thinner than Sample A, 

and it will be proved again using the MCRT results in next chapter. For radiative cooling 

applications, it is desired to have strong volumetric scattering so that the thickness of the 

surface could be reduced and wear-resistant. It is worth mentioning that the scattering 

coefficient reduces as the wavelength increases for PTFE, but at the same time, the 

absorption coefficient increases, making it hard to observe the collimated transmittance 

even in the near-to-mid infrared region.  

Another important message from Figure 5.4 is the emerging specular component 

at oblique incidence, which becomes more significant at increasing incident angles. At 50° 

incidence, the BRDF at the specular peak is around 0.5 and it is over 1 at an incident angle 
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of 70°. The specular peak is not centered at the retroreflection direction precisely, but has 

a shift towards larger angles. This off-specular reflectance from roughened surfaces has 

long been observed and reported in previous studies [57, 108, 109], which can be explained 

by specular reflection from the facets. Due to the increase in the specular component, the 

BRDF values at the non-specular direction slightly decreases as the incident angle 

increases.  

 

Figure 5.4.  The measured BRDF as a function of the observation angle with various 

incidence angles for (a) Sample A PTFE only and (b) Sample A with a silver film. 

 

Figure 5.5 shows the measured BRDF of both the PTFE and the dual-layer 

structure, to demonstrate the effect of the PTFE thickness on the directional radiative 

properties. For a single layer PTFE sheet (Figure 5.5(a,b)), Sample A has the smallest 

BRDF value, which corresponds to the smallest directional-hemispherical reflectance after 

integration; Sample C has the largest BRDF value. When the silver film is attached to the 

PTFE sheet, all samples have 100% reflectance, as reported in the previous work. Figure 
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5.5(c,d) shows that the BRDF of all samples are nearly the same at 30° incidence. At 50 ° 

incidence, there is a small discrepancy in the specular reflectance component, which could 

come from slight bending of the surface and relatively larger uncertainty.  

 

Figure 5.5.  The measured BRDF at incidence angles of 30° and 50° for (a, b) Sample 

A, B and C free-standing PTFE, and (c, d) the three PTFE samples with a Ag film. 
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Notice that Sample B has the largest specular component, which might come from the 

slightly smaller density, 1.58 g/cm3, compared with 1.67 g/cm3 of Sample A and 1.65 g/cm3 

of Sample C. This could mean a higher porosity and therefore more significant surface 

scattering at large incident angles. Whether this is the reason or not also needs further 

investigation.  Overall, it can be shown that the variation of sample thickness does not 

impose significant changes in the measured BRDF. It is also worth mentioning that the 

PTFE sheets exhibit similar directional radiative features as the dual-layer structure, which 

has already been proved previously in Figure 5.4. 

It is now clear that the dual-layer structure has diffuse radiative properties at normal 

incidence and a larger specular component at large incident angle, which are not affected 

by the sample thickness. Nevertheless, whether the surface roughness should affect the 

BRDF is not known. Another piece was cut from the 0.23 mm-thick PTFE and 

mechanically polished on one side, named Sample A2. The sample was cleaned, and the 

surface roughness was measured with an Olympus LEXT OLS4000 3D laser confocal 

microscope. The surface roughness rms  values before and after the smoothing process 

was found to be 3-4 m and 0.4-1 m, respectively. The large variation is due to the 

inhomogeneity in the PTFE surface structure. The BRDF ratio of Sample A2 and Sample 

A, both with silver film at the back, is plotted in Figure 5.6 for different incidence angles. 

It is found that small specular peaks exist even at i  = 30° for Sample A2 relative to 

Sample A. At large incident angles, the specular component is slightly enhanced with a 

smoother surface. Since the refractive index of PTFE is 1.3 at the current wavelength [110]. 

the surface reflectance is not significant. We expect a stronger surface roughness 

dependence for materials with larger refractive indices.  
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Figure 5.6.  Ratio of the measured BRDF of Sample A2 over that of Sample A, both 

with a Ag film, at different incidence angles. 

 

5.2.3 Theoretical Modeling 

To theoretically model the properties of the properties of PTFE, the scattering and 

absorption coefficient,   and  are needed due to the volumetric scattering. Unlike 

monodispersed particle matrix,  and  of the sintered PTFE sheets cannot be calculated 

from those of a single particle or a cluster of particles due to its complicated texture. It is 

imperative to solve them from measured R and T values at each wavelength. In this sense, 

the theoretical modeling depends on measurement results and is not “purely theoretical”. 

The retrieved   and  are then taken as input to solve for the R and T of the PTFE sheets 

using different numerical methods. Once the calculated values are close to the 

measurement, not only is the   and  verified, but also can these values be applied to 
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other samples to predict the properties, including the enhanced reflectance when the Ag 

film is attached. Note that in addition to the directional hemispherical properties, the 

bidirectional radiative properties (BRDF and BTDF) can also be calculated from the 

modeling.  

 

Figure 5.7.  Scattering (reduced) and absorption coefficients obtained from the IAD 

method. The fitted scattering coefficient is also shown.  

 

Based on dhR  and dhT  of the free-standing PTFE samples,   and  are retrieved 

using IAD method and plotted in Figure 5.7. The values are averaged over Sample A, B 

and C to reduce random error. The reduced scattering coefficient   is plotted assuming g 

= 0.9, since PTFE is anisotropic and with a large forward scattering portion [57]. It is shown 

that    decreases rapidly as the wavelength increases and can be fitted by /a b     , 

where 15.7911 mma   and 118.759 μm mmb    for 0.4 μm 3.0 μm  , and the 

deviation becomes larger beyond this region as shown in the plot. Note that for Rayleigh 
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scattering of small particles, the scattering coefficient scales with 4 . For PTFE, however, 

the size of the scatters is in the same order as the wavelength and there may exist multiple 

scattering as well as dependent scattering. The absorption coefficient has peaks around 

2.84 μm   and m, and increases rapidly at 3.8 μm  , which are consistent with 

the absorptance spectra.  

With the knowledge of  and , the RTE can be solved stochastically using Monte 

Carlo method. In this work, a Monte Carlo ray tracing (MCRT) algorithm is developed to 

model the radiative properties of PTFE and PTFE with Ag film. Two versions are 

implemented, with one only considering the volumetric effect and treat the surface 

reflection as specular, and the other version considering both surface and volumetric 

scattering in order to model the bidirectional properties. The detailed implementation and 

results of the MCRT are presented in the next chapter.  

Due to the computational cost for the MCRT, an analytical method is desirable to 

model the radiative properties of PTFE slab. Since PTFE is a highly scattering medium, 

the two-flux method appears to be attractive for calculating the d-h properties. The two-

flux method was originally proposed by Schuster [48] for modeling light scattering in a 

foggy atmosphere assuming a forward component and a backward component in a 

stratified medium for isotropic scattering. It has been expanded and modified in many ways 

and can even include anisotropic scattering with suitable scaling [23]. Dombrovsky et al. 

[51] modified the two-flux method to include a collimated beam incidence as well as 

boundary reflection using an isotropic scaling, which is essentially based on the reduced 

scattering coefficient for the study of radiative properties of layered structures. In the 

present study, this modified two-flux approximation is used to obtain the d-h reflectance 
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of the PTFE, denoted by 0R  and 0T . By considering multiple reflections and taking the d-

h reflectance of the Ag film as Ag , one can express the d-h reflectance of the dual-layer 

structure as follows: 
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R R
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  (5.2) 

Note that Ag  is obtained by integrating the specular reflectance, predicted based on 

Fresnel’s reflection coefficient, over the hemisphere [7]. All the properties in the above 

equation are wavelength dependent. The results of the modeling are compared with the 

measurement in the next chapter after the details of MCRT are introduced. 

The optical constants (or the dielectric function) of Ag are needed in order to apply 

either the Monte Carlo method or the modified two-flux method. Note that in the Monte 

Carlo simulation, the reflectance of Ag is considered based on the incident angle of the 

scattered photon bundles emerged out of the PTFE sheet. The optical constants compiled 

by Lynch and Hunter [102] tend to yield a lower reflectance (0.975 ~ 0.985) in the near 

infrared. The Drude free-electron model gives the dielectric function as 
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where   is the angular frequency,   is the high-frequency constant, p  is the plasma 

frequency, and   is the scattering rate. Using the following parameters 3.4  , 

161.396 10  rad/sp    and 132.70 10  rad/s    [31], the Drude model predicts well the 

infrared reflectance of Ag but fails in the ultraviolet region due to interband transitions 

[111]. In the present study, the Drude model is used at  > 1.9 m. From ultraviolet to  = 
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1.9 m, the measured data from Johnson and Christy [112] was used, which has been 

verified to be suitable particularly for Ag films [113]. Compared with other metals, while 

Au has a similar reflectance as Ag at  > 1.0 m, its reflectance is much lower at  < 1.0 

m [112]. The reflectance of Al is also lower than that of Ag especially at  < 1.0 m due 

to the interband absorption near   0.8 m, though Al has a higher reflectance than Ag or 

Au for 0.2 m < < 0.5 m due to its higher plasma frequency. Consequently, Ag is the 

best choice among all metal materials for high solar reflectance. 

The optical constants of PTFE are compiled from two references. At wavelengths 

smaller than 1.5 m, the refractive index n of PTFE is obtained from Ref. [114], which 

varies from 1.32 ( 0.28 μm  ) to 1.29 ( 1.555 μm  ). The extinction coefficient  is 

essentially 0 since PTFE is non-absorbing. At wavelengths from 2 m to 20 m, Korte and 

Röseler [115] measured n and  of PTFE based on infrared ellipsometry. In the region 1.55 

m < < 2.0 m, linear interpolation is applied to connect the refractive index since the 

values do not change dramatically, i.e., from 1.29 ( 1.555 μm  ) to 1.26 ( 2.0 μm  ). 

5.2.4 Solar Reflectance and Application for Radiative Cooling 

The solar reflectance is defined as the integral of the spectral reflectance, ( )R  , 

over the solar spectrum weighted by the solar spectral irradiance at air mass 1.5, AM1.5( )I  , 

viz. 
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where the solar spectral irradiance for AM1.5 can be found from ASTM [69], and the 

integration limits are 1 0.280 μm   and 2 4.0 μm  . The calculated solar reflectance 

based on the spectral reflectance of Sample A, B, and C is respectively, 0.991, 0.986, and 

0.981 with the Ag reflector. Since the solar absorptance can be calculated by 

solar solar1A R  , less than 1% of the solar radiation is absorbed by the dual-layer structure 

made of PTFE (Sample A) plus the Ag film. It should be noted that the solar reflectance 

for a 10-mm-thick PTFE slab is 0.989, which is between the values obtained for Sample A 

and B when using the Ag reflector. As mentioned earlier, such a sample is too thick and 

not suitable for practical applications.  

The spectral reflectance for several solar reflective materials is shown in Figure 5.8 

for comparison. For white paint pigmented by TiO2, obtained by Song et al. [116], the 

reflectance drops quickly in the near infrared and also ultraviolet region. As a result, the 

solar reflectance is only 0.873. The photonic multilayer structure [75] achieves an average 

reflectance of 0.979 for 0.4 μm 2.6 μm   and solar 0.97R   due to the reduction of 

reflectance at both the longer and shorter wavelengths. The spectral reflectance using Ag 

film coated on the backside of a transparent polymer embedded with glass microspheres 

[70] gives a somewhat lower reflectance with solar 0.96R  . The recently published work 

using porous P(VdF-HFP)HP coatings reports a solar reflectance of 0.96 [76] (not plotted 

here). Note that the calculated solar reflectance for Ag films is 0.987 at normal incidence 

and 0.986 if the reflectance is integrated over the hemisphere. Therefore, the weighted solar 

reflectance of solar 0.991R   using a 0.24-mm thick PTFE (Sample A) with the Ag 

reflector is the highest solar reflectance reported to date among all the natural and 
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synthesized materials. There may exist a critical thickness beyond which the absorption of 

silver in the ultraviolet becomes dominant, so that further decreasing the thickness of PTFE 

would not improve the overall solar reflectance.  

 

Figure 5.8.  Comparison of the measured reflectance of the dual-layer structure based 

on Sample A with some solar reflectance materials reported in the literature.  

 

Now let us consider the theoretical radiative cooling power of this dual-layer 

structure. From energy balance, the net cooling energy of an emittance surface is: 

 net emi abs_sun abs_amb amb non-rad( ) ( ) ( ) ( )P T P T P P T P T      (5.5) 

where emi ( )P T  is the power emitted by the surface, abs_sunP  is the absorption of the solar 

radiation, abs_amb amb( )P T  is the absorbed power from the atmosphere radiation, 
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non_rad ( )P T  is the non-radiative loss from conduction and convection. They can be 

calculated as follows [78]: 

 emi 2 0
( ) cos ( ) ( , )BBP T A d I T d


    


     (5.6) 

 abs_sun AM1.50
( , )P A I d   


    (5.7) 

 abs_amb amb amb amb2 0
( ) cos ( ) ( , ) ( , )BBP T A d I T d


       


     (5.8) 

 non-rad eff amb( ) ( , )P T Ah T T   (5.9) 

where A is the exposed surface area, BBI  is the blackbody spectral intensity, ( )   is the 

emissivity of the surface, ( )   is the surface absorptance, 1/cos
amb( , ) 1 ( )t      is the 

directional emissivity of the atmosphere, and t is the spectral transmittance in the zenith 

direction, effh is the effective heat transfer coefficient accounting for the conduction and 

convection loss.  Since the surface being studied in this work is diffuse, the absorptance 

( )   and emissivity ( )   are not direction-dependent, and they are equal based on 

Kirchhoff’s law. The integration should cover the whole spectrum, however, due to the 

limitation in instrumentation and data, the atmosphere emittance is available from 0.9 m 

to 26 m, and the measured reflectance is up to 15 m, beyond which both atmosphere and 

the surface are treated as blackbody. 

As shown in Figure 5.9(a), when non-radiative heat transfer is neglected (e.g., 

non-rad 0h  ), the dual-layer structure with Sample A yields a day-time cooling power of 

171.3 W/m2 when s ambT T   300 K. The equilibrium temperature can be obtained by 

setting net 0P  , resulting in s,eqT  = 264 K. These values are very close to the ideal emitter 
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that reflects all solar radiation and has an emissivity of unity at wavelengths longer than 

about 4 m [78]. Note that for daytime cooling when the surface temperature is equal to or 

above the ambient temperature, high emittance over the entire infrared wavelength beyond 

the solar spectrum is desired.  

 

Figure 5.9 (a) Calculated cooling power of sample A at various surface temperatures, 

non-radiative heat transfer is neglected, and the ambient T is assumed at 300 K; (b) 

calculated equilibrium temperature of sample A at  ambient T of 300 K, and different non-

radiative heat transfer coefficients. 

 

When considering heat transfer by conduction and convection, shown in Figure 

5.9(b), the equilibrium temperature becomes 11 K lower than the ambient of 300 K with a 

typical value 2
non-rad 10 W/m Kh   . As the non-radiative heat transfer coefficient 

increases, the equilibrium temperature increases but remain below the ambient temperature. 

The impressive radiative cooling capability of this structure comes from the well-designed 
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solar reflectance and high emittance in the atmospheric window. All three samples have 

similar emissivity from 8 m ~ 13 m, indicating that PTFE film as thin as 0.24 mm is 

sufficient for this high emissivity. For real-world applications, the Ag coating can be 

deposited on a thin polymer material, such as a polyester or polyethylene film, which can 

then be attached to the back side of a PTFE sheet using an epoxy resin that does not absorb 

solar radiation. It should be noted that the atmospheric transmittance data [117] are for 

observatories with high elevation and for very clear atmospheric conditions. For typical 

measurement locations and sky conditions, it could be much lower [118].  
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CHAPTER 6 

NUMERICAL MODELING OF BIDIRECTIONAL RADIATIVE 

PROPERTIES 

  

This chapter begins with the introduction of Monte Carlo ray tracing algorithm 

(MCRT) developed for simulating the volumetric scattering, inspired by the research work 

from Wang et al. [56] and Li et al. [57], which either treats the surface as specular reflection 

or neglect the mismatch of the refractive indices. Then methods for simulating the surface 

roughness are discussed, the focus of which will be microfacet slope method as 

demonstrated by Refs. [108, 119]. In previous numerical studies using MCRT, either 

surface scattering or volumetric scattering is modeled, both of which are in reasonable 

agreement with experiments. The purpose of this work is to combine these two effects and 

apply it to materials with both volumetric inhomogeneity and surface roughness. It will be 

shown that this method achieves good agreement on the dual-layer structure introduced in 

Chapter 5, for both directional-hemispherical radiative properties and bidirectional 

properties, i.e. BRDF and BTDF.  

 

6.1 Monte Carlo Ray Tracing Algorithm 

As briefly mentioned in Chapter 2, One of the methods to solve the radiative 

transfer equation is utilizing the Monte Carlo method. A Monte Carlo method is a 

stochastic model constructed in which the expected value of a certain random variable (or 

of a combination of several variables) is equivalent to the value of a physical quantity to 

be determined. This expected value is then estimated by the average of multiple 
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independent samples representing the random variables introduced above [120].  For the 

MCRT described in this work, the random variables being studied and averaged are dhR  , 

dhT , BRDF and BTDF. As many as around 7 81 10  to 1 10   photons need to be simulated 

to have converged results. Each of the photons are modeled by certain probability 

distributions that governs the step size and direction of photon movement. The algorithm 

of the MRCT is briefly described below.  

 

Figure 6.1.  The rotation of the local coordinate system after a scattering event; the 

direction vector of the photon bundle after the scattering ( ŝ ) is described by polar angle   

and the azimuth angle   relative to the previous local coordinate ˆˆ ˆ( , , )a b s . 

 

A photon bundle is initiated with an energy E and a propagation direction vector (

ŝ ) determined from incident direction ( ˆ ˆ ˆcos sini i  s x y ). After it is launched, the 

photon will hit the surface and has a possibility of being reflected. The reflectance R at the 
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interface is calculated by Fresnel’s coefficient considering polarization [7]. When the 

incident light is randomly polarized, an averaged R of the two polarization is used. Then R 

is compared with a random number 1R  to decide if the photon should be reflected. If 

1R R , then the photon has a position vector r̂  initialized to be (0,0,0) , while ŝ  is to be 

updated based on Snell’s law. The propagation step is calculated as: 

 2
1

ln( )l R
 

 


  (6.1) 

where   and   are absorption and scattering coefficients obtained from IAD method, 

described in Chapter 4, R2 is another random variable between 0 and 1. The photon will 

experience a scattering event after propagating a length of l, which will update the 

propagation vector ŝ  according to: 
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where the prime denotes the updated vector,   and   are polar and azimuth angles relative 

to the local coordinates defined in the counterclockwise direction illustrated in Figure 6.1, 

ˆˆ ˆ( , , )s a b  is an orthogonal basis for propagation vector. The scattering in azimuthal direction 

is assumed to be isotropic, thus 32 R   where R3 is another random number. The 

scattering in the polar angle is determined from Henyey-Greenstein scattering phase 

function [59], written as: 
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where R4, as usual, is a uniform random variable from 0 to 1, and g is the anisotropy factor 

ranging from -1 to 1. The position vector r̂  can be updated once the propagation vector ŝ  

is updated, as ˆ ˆ ˆl  r r s . The energy of the photon is also updated by multiplying the 

scattering albedo E E


 
 


, which accounts for the absorption loss in the medium. The 

process keeps on until the photon exists from either the front or the back of the medium, 

and the remaining energy is added to obtain either sumR  or sumT each time. The estimated 

R and T value is sumR

N
 and sumT

N
, respectively, where N is the number of total photons 

simulated. Note that it should also be recorded when the photon is reflected from the first 

incidence at the boundary. The position vector r̂  helps keep track of the photon location 

to see if it has reached or passed the boundary. If so, it needs to be decided whether the 

photon is internally reflected based on the incident angle. The reflection at the inner 

boundary is tricky: in addition to the alteration of propagation vector due to surface 

roughness (to be discussed in the next section), it is also important to keep track of the 

remaining propagation length before the next scattering event. When the scattering 

coefficient is small or the thickness is greatly reduced, the photon transport is dominated 

by surface scattering and becomes ballistic inside the medium. Failure to notice this effect 

results in significant error under those conditions. 

Overall, this method offers a flexible, yet rigorous approach to handle photon 

transport in turbid media. As to be discussed in the next section, it also allows easy 
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implementation of multiple scattering at the surface. However, MCRT does has its 

disadvantages, the most obvious of which is the computational cost due to its stochastic 

nature. By utilizing GPUs and parallel computing, the computation time can be reduced. 

Another important consideration is the applicability of the method. As one might have 

noticed, each scattering event is treated as independent with no phase information, which 

means the coherent wave-like interactions and dependent multiple scattering are neglected. 

Essentially, MCRT is within the geometric optics approximation (GOA) domain, which 

requires the characteristic length, in this case the mean free path, to be greater than the 

wavelength of the photons. Finally, the surface randomness is neglected here, thus when 

considering the BRDF, a specular peak with significantly larger value is always present at 

the retroreflection direction. This specular peak comes from the first strike at the interface 

when a certain portion of photons are reflected to an infinitely small solid angle. This issue 

can be resolved using the surface roughness model to be discussed in the next section. 

6.2 Microfacet Slope Method 

Modeling the surface roughness can be done in several different ways. The most 

straight forward way, rigorously solving the Maxwell’s equations provides the scattered 

field from a rough surface. The most popular one is using boundary integral method, based 

on extinction theorem and Green’s theorem, as discussed in Ref. [93, 121]. However, 

rigorous EM-wave theory is quite challenging due to the unknown nature of surface 

statistics and the requirement of formidable computational power, which prevents this 

method to be easily extended to 2D surfaces.  
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Figure 6.2.  Validity domains of approximate methods. In the current study /Ra   is on 

the order of 1 and /Ra   is on the order of 0.1, thus geometric-optics approximation is 

used. 

 

Approximation methods, on the other hand, not only have the advantage of being 

flexible and easy to be implemented, but also provide physical insight by simplifying the 

problem. Two fundamental approximations are: the high-frequency method known as the 

Kirchhoff approach (KA) and low-frequency method known as the small perturbation 

method (SPM) [122, 123]. While SPM is applicable for surfaces with a small rms 

roughness with respect to the incident wavelength, KA, also known as tangent-plane 

approximation, is valid for large radii of curvature or locally smooth surface, meaning that 

the rms roughness can be larger but the steepness should be small. KA reduces to the 

geometric optics approximation (GOA) in short wavelength regime. The major 

disadvantage of these approximation methods is the difficulty in precisely determining the 
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validity domains, which dependents on the surface statistics and whether it is dielectric or 

perfectly conducting. Figure 6.2 is provided as a rough guideline to select the appropriate 

approximation method in dealing with surface scattering problems. The boundary values 

are not precisely defined, and the details can be found in Ref. [93]. 

 

Figure 6.3.  (a) Schematic of the Monte Carlo model incorporating both surface and 

volumetric scattering, the surface roughness is simulated using the microfacets as shown 

in the inset; (b) illustration of the weighted probability density function considering the 

effect of projected area, each microfacet is assumed to have the same projected area to the 

x-y plane A0 , n̂  is the surface normal and ŝ  is the unit directional vector of the ray. 

 

In the present work, GOA is adopted to incorporate surface roughness into the 

framework of MCRT. This method models the rough surface as an aggregate of small and 

mirror-like microfacets, upon which the incident light is specularly reflected from Fresnel’s 

equations or refracted according to Snell’s law, as shown in Figure 6.3(a). Although 
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multiple scattering and shadowing effects can be easily handled in this method, it doesn’t 

allow the consideration of interference effects. In addition, for GOA to be valid, generally 

both the autocorrelation length () and the root-mean-square (rms) roughness (Ra) should 

be greater than the wavelength () [124, 125]. These requirements are also met by applying 

the MCRT, which makes the GOA an ideal candidate to model surface scattering along 

with the volumetric scattering. Previously, this method has been successfully applied to 

semitransparent materials with rough surfaces and coatings [108, 119] , which does not 

experience volume scattering, such as silicon/SiO2 wafer, but not on porous sintered 

polymers with rough surfaces such as the PTFE sheet in this present work. To generate the 

microfacets in the Monte Carlo program, the surface generation method (SGM) and 

microfacet slope method (MSM) has been proposed. SGM requires the numerical 

realization of a surface, usually be much larger than the film thickness, which is not feasible 

for this work. The other method MSM is selected instead.  

The MSM models the rough surface by generating the microfacet orientations 

instead of an actual surface profile, therefore both the orientation and whether the ray 

restrikes the surface are determined based on probability functions. The orientation is 

determined from a weighted probability density function (WPDF) [108],  
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where 0 ˆ ˆ ˆ ˆ/ /iA A     n s n z  when ˆ ˆ 0 n s  and 0   when ˆ ˆ 0 n s  (shown in Figure 

6.3(b)), x  and y are the tangent of the inclination angle of the microfacet, w  is the rms 

slope, equals to 2 /Ra   for Gaussian surfaces. Note that   is independent of incident 
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direction since the surface roughness is isotropic. The rejection method is used when 

implementing the program to avoid the evaluation of an indefinite integral in the WPDF. 

Unlike previous methods which deviates from the reciprocity principle [119, 126], this 

WPDF considers the influence of the projected area of the microfacet, thus it is able to 

satisfy the reciprocity principle and agrees well with available analytical solutions [108]. 

Considering the effect of multiple scattering, the surface roughness not only alters 

the propagation direction at first strike on the surface, it also blocks some reflected photon 

bundles from leaving the surface by re-striking. This effect is modeled using the following 

shadowing function proposed by Smith [127]: 
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  (6.5) 

where retan(90 ) / 2w   , re  is the zenith angle of the incidence or reflectance ray 

and “erfc” is the complementary error function, rep  is the re-striking probability. If a 

random number is great than rep  , the ray will escape and contribute to either transmittance 

or reflectance. Otherwise it will reach the surface again and undergo stochastic events such 

as reflection or refraction. Note that each time when the photon bundle is incident on the 

interface, it should experience the same process to check if the re-striking happens on either 

inner or outer side of the film. To monitor the BRDF and BTDF, virtual detectors with a 

solid angle of 32.15 10  sr  is placed in 3-deg intervals in the plane of incidence to collect 

the escaped bundles and report the average value afterwards. In this manner, the surface 

scattering can be successfully integrated into the MCRT with volumetric scattering. Note 

that 50 million ( 75 10 ) photon bundles are used, which takes approximately 3.5 hours on 
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a computer with four 3.2 GHz i-5 processors for a sample thickness of 500 m. The number 

of photon bundles can be reduced if only dhR  and dhT  are needed. The average statistical 

fluctuation of BRDF is within 1%. 

6.3 Modeling Results and Comparision 

Modeling the d-h radiative properties of PTFE and PTFE w/ Ag structure has been 

covered in Chapter 5 using the two-flux model and inverse adding-doubling method. To 

facilitate the MCRT developed in this work, the averaged scattering and absorption 

coefficients retrieved using IAD are needed, plus the optical constants of PTFE and silver 

film [52]. Surface roughness Ra  and autocorrelation length   are also needed for the 

surface scattering, both of which are obtained from an Olympus LEXT OLS4000 3D laser 

confocal microscope. The value of w determined from the measurement is 0.1 ~ 0.2, thus 

two sets of simulations were run using 0.1w   and 0.2w   separately. 

 

Figure 6.4.  Comparison of the predicted reflectance made by MCRT and the two-flux 

model with measured values of (a) PTFE sheets and (b) PTFE with Ag. 
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Figure 6.4(a) shows the modeled d-h radiative properties compared with 

measurement for free-standing PTFE sheets. The MCRT simulation is carried out for 30 

wavelength values from 0.36 m to 4.0 m using 0.9g   with the averaged scattering and 

absorption coefficients. The MCRT prediction matches with the measurement very well 

for all three samples, except Sample C for 2.1 μm 2.4 μm   and for 

3.0 μm 3.5 μm   where the difference is relatively large, which might come from 

sample variations. The Monte Carlo model was also compared and validated by using the 

adding-doubling method and should be considered reliable. On the other hand, the 

modified two-flux model assumes isotropic scattering with the scaled (reduced) scattering 

coefficient, and it tends to overpredict the reflectance by 0.02 ~ 0.03 for all samples 

throughout the spectral range. The reason is not clear, but it might have demonstrated the 

limitation of the two-flux model.  

The predicted and measured reflectance spectra for the dual-layer structure are 

shown in Figure 6.4(b), for Samples A, B, and C, respectively. The MCRT prediction 

agrees with the experiment well throughout the spectral range for Sample A and up to  

2 m for Samples B and C. From 2.2 m to 2.5 m, the measured reflectance for Sample 

B and C is higher than that predicted. The underestimation of all three samples might have 

come from the overestimation of absorption coefficient. As explained previously, when the 

absorption is relatively small, due to the uncertainty in the measurements, the retrieved 

absorption coefficient by the IAD may be subject to a relatively large uncertainty, even 

though the agreement with the measurements for the free-standing PTFE is very good. The 



 97

thicker the sample, the larger the mismatch becomes due to the enhanced absorption by 

multiple scattering. Beyond 2.5 m, the MCRT agrees with experiment fairly well. The 

two-flux model yields quite good agreement with the experiment for the dual-layer 

structure, except for 2.1 μm 2.5 μm   as well as near the reflectance peaks and valleys 

beyond 2.5 m. This suggests that, despite the isotropic scattering coefficient used in the 

two-flux model, the analytical formulation can be used for the design of dual-layer 

structures. Note that the results for MCRT does not incorporate the surface scattering yet, 

since the wavelength extends to 4 m, which might render the GOA and MSM invalid. 

For the bidirectional radiative properties, BTDF is not plotted since no 

transmission peaks are observed. Figure 6.5 shows the calculated BRDF compared with 

the measurement. When 0.1w  , the surface is flatter and a visible specular peak is 

predicted even at small incidence angles. The specular component also appears to be much 

larger than the experimentally observation. Overall, the calculation with 0.2w   agrees 

better with the measurement. The model agreement could be improved with the iteration 

of w; however, due to the relatively large measurement uncertainties at large observation 

angles as well as the limitation of the surface microfacet model, it is difficult to obtain good 

fitting in all spectrums by simply tuning one parameter. At i  = 0° and 30°, the calculation 

using 0.2w   shows no specular reflection, which agrees well with the measurement. At 

50°, however, the calculation predicts a shifted and stronger specular reflection compared 

with the measurement, which has a plateau for o50 75    . The results are similar at 

70° incidence. While there may be inherent limitations, the Monte Carlo model used in the 

present study is capable of predicting the trend of the bidirectional radiative properties of 
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the inhomogeneous material with both volume scattering and surface scattering 

characteristics. 

 

Figure 6.5:  Comparison of measured BRDF with those simulated using two rms slopes 

w = 0.1 and 0.2 at incidence angles of (a) 0°, (b) 30°, (c) 50° and (d) 70°, respectively. 

 

To estimate the critical thickness at which the specular reflection becomes 

significant, we have calculated the bidirectional radiative properties using the Monte Carlo 
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method by reducing the PTFE thickness. Figure 6.6 plots the calculated BTDF for free-

standing PTFE sheets and BRDF of the dual-layer structure for PTFE thickness d = 200 

m, 100 m, 50 m, and 10 m, respectively, at normal incidence. The scattering 

coefficient is set to  = 34.4 mm1 as before and the surface slope of w = 0.2 is used. The 

BRDF of free-standing PTFE is not shown since it remains diffuse even with d = 10 m. 

Note that the specular component in the BTDF becomes visible at d = 100 m, and 

significant at d = 50 m. The BTDF values of d = 10 m at near normal observation angle 

are too large to be shown in the plot with a maximum BTDF = 10.  

 

Figure 6.6:  Simulated (a) BTDF of free-standing PTFE and (b) BRDF of PTFE sheet 

with a Ag film at normal incidence. The PTFE thickness d is treated as a variable. 

 

It should be noted that at the specular peak, the BTDF and BRDF is very sensitive to the 

size of the detector or virtual detector. As a result of the significant specular transmittance, 

the BRDF of the dual-layer structure has a strong and broad specular lobe when the 
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thickness is 10 m.  At d = 50 m, the specular component is rather weak. This suggests 

that the optimal thickness of the dual-layer structure should be between 50 m and 100 m 

to remain diffuse at the wavelength of 635 nm, and it should also be applicable to other 

wavelengths in solar spectrum. Advanced techniques may allow the fabrication of thinner 

PTFE sheet directly on the surface of the Ag film. Care must to be taken such that no 

significant absorption exists inside any adhesive layer, which may reduce the solar 

reflectance for daytime cooling application. 

At oblique incidence, a shifted specular lobe is produced in the dual-layer structure 

as shown in Figure 6.7 at an incidence angle of 30. The results are calculated by scaling 

the sample thickness with a factor of 0.2, setting d = 200 m, 40 m, and 8 m, while 

keeping the surface slope parameter at w = 0.2. It can be seen from Figure 6.7(a) that BRDF 

of free-standing PTFE sheets decreases when the thickness decreases, but remains 

relatively diffuse and no specular component is observed. For the dual-layer structure 

shown in Figure 6.7(b), a significant specular lobe emerges at d = 40 m and becomes 

dominant at d = 8 m. This, again, demonstrates the specular reflection added by attaching 

the Ag film to the back of the PTFE sheet. Note that when the surface is perfectly smooth, 

the BRDF should approach Dirac delta function as d reduces and scattering becomes 

negligible. The remaining diffuse component observed in Figure 6.7(b) mainly comes from 

the surface roughness. Note that the thickness 8 m is much smaller than the mean free 

path or penetration depth l = 1/ ≈30 m. In such a case, the effect of volumetric scattering 

is negligible, but surface roughness can contribute to the shift of the specular lobe. 
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Figure 6.7:  Simulated BRDF for different thicknesses at 30 incidence angle for (a) 

free-standing PTFE and (b) PTFE with a Ag film. 

 

It should be noted that reducing the sample thickness d or scattering coefficient  

essentially yields the same results; this has been verified numerically. This similarity can 

be explained by the effect of optical depth given by ( )d d    , indicating that the 

product of  and d  controls the magnitude of volumetric scattering. This fact may be 

useful in designing paints/coatings for radiative cooling applications in order to obtain 

nearly diffuse surfaces with high reflectance. 
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CHAPTER 7 

DEMONSTRATION OF MAGNETIC POLARITONS IN DEEP 

METAL GRATINGS 

  

This chapter focuses on EM waves in periodic structures by experimentally 

demonstrates the excitation of magnetic polaritons (MPs) in deep metal gratings. The 

fabrication method of the samples is introduced first, along with the measurement and 

calibration methods. Then, the theoretical calculation using rigorous coupled wave analysis 

(RCWA) is introduced. Simple grating theory is used to analyze the trend of the resonance 

frequency of the mode. Finally, experimental results are compared with theoretical 

calculation, with discussions on the influence of incidence angle, plane of incidence, 

polarization, and the grating’s geometric dimensions. This work, for the first time, 

measured MP in deep metal gratings, experimentally and theoretically studied the MP 

dispersion for off-plane layout. 

7.1 Sample Fabrication and Measurement 

The process flow of the fabrication of samples are shown in Figure 7.1. A 500-m-

thick silicon wafer was diced into chips of 20 mm by 20 mm for the fabrication of deep Al 

gratings. In the mid-infrared region, Al can excite plasmons with low loss similar to noble 

metals such as Au and Ag. Furthermore, it is inexpensive and can be etched vertically with 

the plasma etching technique. After ultrasonic cleaning, a 3-m-thick Al film was 

deposited onto the chips by e-beam evaporation. The metal surface was polished to reduce 

the rms roughness caused by grain boundaries to below 30 nm, which was verified by 

subsequent measurements using atomic force microscopy (AFM) and scanning electron 
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microscopy (SEM). The fabrication of grating structures was achieved using state-of-the-

art nanofabrication techniques. After a photoresist of thickness 800 nm to 1000 nm was 

spin-coated, electron-beam lithography was used to pattern the grating structure with an 

area of 5 mm by 5 mm near the center of the sample. Dry etching of Al thin film was then 

carried out with a Panasonic Dry Etcher APX300, which is capable of nearly 90° 

anisotropic etching of Al film, allowing the fabrication of deep Al grating with small trench 

width.  

 

Figure 7.1.  Process flow of the grating fabrication using photolithography. 

 

Note that the trench depths range from 1.3 m to 2 m, such that the Al film is still opaque 

and no silicon surface is exposed. After anisotropic etching, the remaining photoresist was 

removed using reactive-ion etching (RIE). The last step in the fabrication is to remove the 

oxide layer on top surface by hydrochloric acid. The fabricated Al grating was then 

examined by SEM from the top to characterize the grating period and trench width. Three 
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samples were fabricated with slightly different trench depths and widths and were named 

as AL01, AL02 and AL03. The typical grating period is 4 m, and the trench width is 350 

nm. The details of the physical dimensions will be presented later. 

 

Figure 7.2.  Schematic of the polarization and orientation in the FTIR measurement for 

(a) in-plane layout, where the plane of incidence of a TM wave is perpendicular to the 

grooves and (b) off-plane layout, where the plane of incidence of a TE wave is 

perpendicular to the grating vector which is in the x-direction. 

 

To measure the spectral radiative properties of fabricated metal gratings, the FTIR 

with different specular reflectance accessories was used for incidence angles at 10°, 30° 

and 45°. A wire-grid IR polarizer was used to fix the incident wave to transverse electric 

(TM) or transverse magnetic (TE). Two configurations were used in this study. The in-

plane layout illustrated in Figure 7.2(a) is the conventional configuration for diffraction 

diffractive gratings. The coordinate is based on the gratings such that the grating vector is 

in the x-direction, the grooves are parallel to the y-axis, and the surface normal is parallel 

to the z-axis. When the grating vector lies in the plane of incidence, all diffracted waves 

fall in the plane of incidence as well. SPPs or MPs can be excited only if there exists a 
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nonzero magnetic field component in the direction parallel to the grooves. Hence, only TM 

waves can excite SPPs and MPs for in-plane layout.  

The off-plane layout as illustrated in Figure 7.2(b) is a special case of the conical 

diffraction configuration, when the incident and diffracted waves are not orthogonal to the 

grating grooves [128]. Here, by rotating the sample with respect to the z-axis by 90°, the 

plane of incidence is parallel to the grooves (i.e., in the y-z plane). It should be noted that 

for off-plane layout, the diffracted waves (except for the zeroth order) are not confined to 

the plane of incidence. The diffracted beams actually form a semi-cone. In this case, TE 

wave incidence is needed to excite SPPs and MPs. Because the fabricated grating area is 

small, 5 mm  5 mm square, a sample holder with an aperture of 3 mm diameter was used 

to limit the beam spot size on the sample. Special care must be taken in placing the sample 

since a slight misplacement could cause a rise in the overall measured reflectance due to 

the contribution from the smooth Al surface component. Additionally, the orientation of 

the sample is also important since a slight rotation would give rise to the contribution from 

unwanted polarization. Note that the sample holder was coated black to avoid reflection 

outside the aperture, and an open beam signal was measured for each 

polarization/incidence angle and subtracted from the measured spectrum to eliminate the 

effect of residual reflection by the sample holder. The measured spectrum was averaged 

over 256 scans, from about 500 cm-1 to 6000 cm-1 with a resolution of 4 cm-1, and the 

overall uncertainty was estimated to be 0.02, considering the various possible sources of 

error, including misalignment of sample and polarizer, mirror reflectance and beam 

divergence 

7.2 Theoretical Calculation  
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The structure is modeled as a binary Al grating on top of a semi-infinite Al substrate, 

given that the remaining Al layer after etching is thick enough to block all infrared radiation. 

Theoretical analysis of deep metal gratings was performed using RCWA, which 

numerically solves Maxwell’s equation in layered and periodic medium [83, 129]. By 

Fourier expansion of the space harmonics of the solution, the second-order partial 

differential equation could be transformed to a system of ordinary differential equations, 

which could be written in the form of a matrix formulism and solved as an eigenvalue 

problem [128].  The accuracy of the solution depends solely on the number of terms in the 

field space-harmonic expansion. In the present study, a total of 301 diffraction orders were 

used to ensure convergence for both in-plane and off-plane layouts [83]. The ratio of the 

total energy by all the diffraction orders propagating towards the upper hemisphere to the 

incident energy gives the directional-hemispherical reflectance (R). Since subwavelength 

gratings were used in this study, only one or a few diffraction orders are propagating waves. 

It should be noted that the FTIR measurement is for specular component only due to the 

use of the specular reflectance accessory. Hence, only the zeroth diffraction order is 

captured during the experiments as to be discussed later.  

Although RCWA manifests itself as a well-established numerical method for 

solving electromagnetic waves diffraction by periodic structures, a faster and more 

intuitive method is desired to facilitate the design of metal gratings with tailored radiative 

properties. An equivalent circuit model, known as LC model, has been used to successfully 

predict fundamental MP resonance frequency in deep gratings [90, 130]. The LC model 

takes a unit cell of the structure, (e.g., gratings) and treats the trench as a dielectric capacitor. 

The metallic materials around the trench are treated as a conductor by neglecting the 
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resistance component. The inductance has two components: kinetic inductance kL  from 

the phase delay of induced current with respect to the external electrical field and mutual 

inductance mL  from the interaction of the parallel walls in the trench. The mutual 

inductance is given as: 

 0m
hb

L
l

   (7.1) 

where 0  is the vacuum permeability, l  is the length in y-direction and is set to unity for 

1D gratings, and h  and b  are the trench depth and width, respectively. The kinetic 

inductance can be calculated from: 
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Here,    and    are the real and imaginary parts of the dielectric function ( ) of the metal, 

  is the penetration depth of electric field, given as / 2   with   being the extinction 

coefficient at the corresponding wavelength. The capacitance of air in the trench can be 

approximated as: 

 0
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where 0  is the vacuum permittivity and c  is a numerical factor between 0 and 1 

accounting for the non-uniform charge distribution along the height of the gratings. It has 

been suggested that c be taken as an adjustable parameter of about 0.5 [90]. In the present 

study, it is taken as 0.6 by comparison with the RCWA results. The total impedance of the 

equivalent LC circuit can then be written as: 
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Note that the resistance term is dropped since it has little impact on the resonance frequency 

[131]. By setting the total impedance to zero, the resonance peak in terms of wavenumber 

0/ (2 )c    can be expressed as: 

 MP1
0

1

2 ( )k mc L L C






 . (7.5) 

The above equation must be solved iteratively because the kinetic inductance kL  is 

frequency dependent. This allows the determination of the resonance location of the 

fundamental mode of MPs, i.e., MP1 (where the number indicates the harmonic sequence 

order). The validity of using LC model to predict MP resonance in deep metallic gratings 

has been extensively discussed in Ref. [90]. 

The SPP excitation condition is that the magnitude of the parallel wavevector 

equals [7, 132, 133]: 
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In the above equation, 0 0/k c  is the wavevector in vacuum, 1 1   is the dielectric 

function of the air, and 2  is the dielectric function of the second medium (aluminum). 

Only the real part of 2  is used in Eq. (7.6) and it is a negative value for metal in the visible 

and infrared regions. When the absolute value of 2Re( )  is very large, it can be seen that 

SPP 0k k . For the in-plane layout, yk  is always equal to zero, and parallel wavevector of 

the mth order diffracted wave is [7]: 
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where   is the period of the grating and note that 0 sinxk k   is the parallel wavevector 

component of the incident wave. By setting 1,  1,  2,  2,  ...m     so that , SPPx mk k   , 

SPPs can be excited by the mth diffraction order. 

For off-plane layout when the incidence is in the y-z plane, 0 sinyk k   for the 

incident and all diffracted waves [128]. Furthermore, for mth order diffracted wave, we 

have: 
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Therefore, the SPPs for positive and negative diffraction orders with the same m  coincide 

with each other. The condition for SPP to be excited by the mth diffraction order is [132, 

133]: 
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The above equations will be used in the next section to interpret the results, especially for 

off-plane layout. 

7.3 Results and Analysis 

The dimensions of the fabricated gratings were examined with SEM before optical 

measurements. Figure 7.3(a) shows an SEM image of grating AL02 and the dimensions 

measured from the image are indicated on the figure. Measurements of several periods 

were taken and averaged to reduce the random uncertainty of reading. As indicated on the 

figure, the results are very consistent. Figure 7.3(b) is a close-up view showing 

measurements of a grating trench. It should be noted that the relative variation is much 

larger for the measured grating trench width than for the period because the boundary 
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between the trench and the metal surface is not well demarcated in the SEM image. The 

grating depth is the remaining geometric parameter, which could not be measured directly 

from SEM image without breaking the sample. 

 

Figure 7.3.  Scanning electron microscopy images of sample AL02 with indication of 

measurements of (a) the periods and (b) trench/ridge widths. Measurements of the period 

are intentionally repeated to indicate statistical variations. 

 

Using the SEM measurement as a reference, the three geometric parameters of each 

sample were obtained by fitting the calculation of RCWA to the measured reflectance, at 

all three incidence angles from in-plane layout, from 540 cm1 to 4000 cm1. A brute-force 

search was applied using a step size of 20 nm, followed by a finer grid of 5 nm around the 

minimum. At each step, the standard error of estimate (SEE) or the root-mean-square error 

was calculated for the specific structure and the smallest of all SEE obtained gives the best 

fit of each sample. The fitted sample parameters are listed in Table 7.1 along with the 

corresponding SEE, which is between 3% and 4%. The uncertainties of the fitting were 

obtained by examining the relative error compared with the smallest SEE, which is 30 nm 
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for both the height and trench width, and 50 nm for the grating period. After the 

spectroscopic measurements, two samples were cut with focus ion beam (FIB) to obtain 

cross-section images using SEM. The results show excellent vertical slope and uniform 

trench width with a deviation of less than 10 nm. The grating height measured with SEM 

agrees with the fitting within 10%, which could be due to uncertainties of both methods. 

 

Table 7.1.  Geometric parameters of the three grating samples AL01, AL02, and AL03. 

 

AL01 AL02 AL03 

Height h (m) 1.435 1.275 1.230 

Period  (m) 4.025 3.885 3.935 

Trench width b (m) 0.355 0.355 0.355 

Filling ratio ( ) /b    0.912 0.909 0.910 

SEE 0.027 0.034 0.039 

 

 Figure 7.4(a) shows the measured reflectance of grating AL01 under in-plane 

layout, along with the calculation from RCWA from wavenumber of 500 cm1 to 6000 

cm1. The calculated reflectance is for the zeroth diffraction order only. The first and 

second order MPs (MP1 and MP2), along with three SPPs, appear as dips in the reflectance 

spectrum as indicated on the figure. In general, the SPP dips are broadened in the FTIR 

measurements due to the lack of collimation. There is an excellent agreement between the 

calculation and measurements for the MP1 resonance located around 1396 cm1. Note that 

the coupling of MP2 and SPP splits into two resonance peaks from 4000 cm1 to 5000 cm1. 
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The split mode has been studied in detail previously [134]. Both dips due to the split mode 

are clearly captured in the measurement, though there is a slight shift in frequency and the 

measured dip due to SPP is broader than predicted.  

 

Figure 7.4.  (a) Comparison of the measured spectral reflectance of sample AL01 at 

incidence angle of 10° for the in-plane layout with that calculated considering zeroth-order 

only and (b) calculated reflectance of sample AL01 considering the zeroth diffraction order 

plus additional few diffraction orders. 

 

The contributions of different diffraction orders are shown in Figure 7.4(b) by 

comparison with the cases that include m = 0 only, three diffraction orders (m = –1, 0, and 

1), and four diffraction orders (m = –2, –1, 0, and 1). Note that at small wavenumbers, 

when wavelengths are longer than the grating period, the only propagating mode is the 

zeroth order (m = 0) while all other diffraction modes are evanescent. At around 2100 cm1, 

there is dip due to SPP which can be predicted from Eqs. (7.6) and (7.7). When the 

wavenumber  exceeds about 2100 cm1, the diffraction mode with m = 1 become 

propagating, leading to the redistribution of diffraction efficiencies. At  >≈ 3000 cm1, 
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the mode with m =  becomes propagating. Each SPP mode indicates that an evanescent 

mode becomes propagating, which is known as Wood’s anomaly. As mentioned before, 

for metallic gratings, the SPP dispersion curves tend to be a straight line, in approximate 

agreement with Wood’s anomaly conditions. At  >≈ 4000 cm1, the mode with m = 2 

also becomes propagating. Due to the use of the specular reflectance accessory, only the 

zeroth order is collected in the measurement since it always diffracts specularly while other 

orders change the diffracted direction at different wavelengths. Hence, only the zeroth 

order is considered in the following calculations.  

 

Figure 7.5.  Contour plot for 01 R  (where 0R  is the reflectance for the zeroth-order 

diffraction) for sample AL01 with respect to the wavenumber and the parallel wavevector 

of the incident wave: (a) in-plane layout and (b) off-plane layout. 

 

The mode coupling and splitting phenomena could be better visualized in Figure 

7.5(a), which shows the contour plot of 01 R  for grating AL01 with respect to the 

wavenumber   and 0 sinxk k   for a TM wave incidence. Here, 0R  stands for the zeroth-

order reflectance so the bright lines represent the resonances. The light line corresponds to 
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90   . Only the first (half) Brillouin zone is plotted so that 0 /xk    , where  is 

the grating period. Since   is near 4 m, the maximum / 2xk   is approximately 1250 

cm1 [7]. The inclined lines are for incidence angles at 10°, 30° and 45°. The values for 

30    are shown for   <≈ 2500 cm1 and that for 45    are shown for   <≈ 1770 

cm1 only. One could fold the line for a given incidence angle to the first Brillouin zone to 

identify the corresponding resonance modes in the contour plot. Note that mode splitting 

only happens at MP2 for incidence angle of 10° in the wavenumber range from 4000 cm1 

and 5000 cm1. However, since SPP is angular sensitive while MP is not, at large incidence 

angles, the mode coupling and splitting can also occur for MP1 because the first SPP will 

shift towards MP1. This will lead to a mode splitting in MP1 for 1200 cm1 <  < 1600 

cm1 as illustrated in Figure 7.5. 

The contour plot of 01 R  for off-plane layout is shown in Figure 7.5 with respect 

to the wavenumber and 0 sinyk k   since the plane of incidence is the y-z plane. The 

incident wave is a TE wave in this case. The grating vector is along the x-axis as shown in 

Fig. 1. Since there is no periodicity in the y direction, there is no Brillouin zone in this case, 

i.e., yk  is infinitely extended. Contrary to the in-plane case, the frequency of MP 

resonances goes up as the angle of incidence increases. Furthermore, SPP dispersion curves 

appear to be in parallel with these for the MP modes; hence, no mode splitting can occur. 

These features can be explained by considering the conical dispersion curves as discussed 

in the following.  

From Eq. (7.9) when SPP 0k k  , one obtains 02 / cosm k  

SPP 0( / )cosc   . Hence, 
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cos cos
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where SPP,0  is the frequency of SPP resonance at normal incidence. Eq.(7.10) provides 

an approximate expression of the SPP dispersion in the off-plane layout. Since 

0 sinyk k   , the SPP dispersion as shown in Fig. 4(b) can be described by 

 
2

2
SPP, 0

2
m y

m
c k




 
   

 
  (7.11) 

In Figure 7.5(b), the dashed curves are calculated from Eq. (7.11) and agree with the SPP 

dispersion curves for 1m    and 2m    very well. 

It can be seen from Eq. (7.1) that mL h  and from Eq. (7.3) that C h . 

Furthermore, if 2h b , then kL h  according to Eq. (7.2). Therefore, based on Eq. (7.5), 

the MP resonance frequency (or wavenumber) Rv  is inversely proportional to h. If one 

takes the effective height of the grating for incidence angle   as cosh  , an approximate 

dispersion relation for MP can be expressed in the following: 

 
MP,0

MP,
cos







   (7.12) 

The MP dispersion follows the same curvature as those for SPPs given in Eqs. (7.10) and 

(7.11). The diamond marks indicate the MP1 resonance frequencies calculated from Eq. 

(7.12) at 10 ,  30 , 45 , 60 , and 80        , using the value at 0    calculated from Eq. 

(7.5). It can be seen that Eq. (7.12) gives a good approximation especially for 45   . 

Unlike in the in-plane layout, the MP and SPP dispersions are nearly parallel to each other, 

as evidenced in Figure 7.5(b). This is a unique feature of off-plane layout that has not been 
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studied previously. One could also interpret the effect of angle of incidence for off-plane 

layout as due to the reduction of the magnetic flux with increasing   values. 

The measured and calculated reflectance spectra for the zeroth order at   10, 30, 

and 45 are shown in Figure 7.6 for both in-plane and off-plane layouts. Note again that 

the reflectance is for the zeroth diffraction order only. The incident wave is a TM wave for 

the in-plane cases displayed in Figure 7.6(a-c); while the incident wave is a TE wave for 

off-plane cases displayed Figure 7.6(d-f). The agreement between the measurements and 

calculation is excellent at 13500 cm  , where MP1 and the first few SPP modes exist. 

Deviations occur at high-order resonances. Nevertheless, the general trends agree very well 

for both layouts. For in-plane layout at 30    and 45, MP1 is coupled with SPP and 

both peaks have been observed in the experiments, which agree very well with the 

prediction.  This coupling and splitting can be seen from Figure 7.6(a) in the lower-right 

portion of the contour plot.  
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Figure 7.6.  Comparison of calculated and measured reflectance of sample AL01: (a)–

(c) in-plane layout with   = 10°, 30°, and 45°, respectively, for TM wave incidence; (d)–

(f) off-plane layout with   = 10°, 30°, and 45°, respectively, for TE wave incidence. 
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The resonant frequencies of MP1 of all three gratings at various incidence angles 

are summarized in Table 7.2, for the in-plane layout, along with the calculated results from 

RCWA and LC-circuit model. Note that LC-circuit model does not consider the mode 

coupling with SPP and therefore gives the same frequency at different angles. The 

measured results agree well with the calculation from RCWA within 0.2% for sample 

AL01 at all incidence angles and within 0.4% for samples AL02 and AL03 at 10   . 

Even at 30    and 45 for samples AL02 and AL03, the maximum relative difference is 

less than 3%.  

 

Table 7.2.  MP1 resonant frequency in (cm-1) obtained from the measurement and 

modeling for the in-plane layout. 

 

AL01 AL02 AL03 

   Measurement 

   

10° 1396 1535 1582 

30° 1369 1481 1504 

45° 1333 1393 1404 

    RCWA 

   

10° 1396 1541 1582 

30° 1372 1500 1527 

45° 1332 1430 1435 

   LC-Circuit Model 

  

 

1393 1589 1592 
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Figure 7.7.  Contour plot for 01 R  calculated with varying trench depth (or grating 

height) when the rest parameters are fixed as for AL01: (a) in-plane layout for TM wave 

incidence and (b) off-plane layout for TE wave incidence. 

 

Figure 7.7 shows the contour plot of 01 R  with respect to wavenumber and the 

trench depth for both layouts at    10°. Note that the MP resonance frequency should 

vary inversely with h. From the left to the right, one can see MP of order 1, 2, 3, 4 and 5. 

These MP branches are broken at each SPP modes corresponding to m = -1, 1, -2 in Eq. 

(7.7) for the in-plane layout and 1m    and 2  in Eq. (7.9) for the off-plane layout. Even 

for the off-plane layout, if the MP and SPP are very close, mode coupling and splitting can 

occur. However, their branches will be two nearly parallel curves following the similar 

trend as shown in Figure 7.7(b). Figure 7.7 suggests that the MP resonance can occur with 

relatively shallow gratings at high frequencies and the resonance frequency is very 

sensitive to the height of the grating. Furthermore, the frequency range where 0R  is small 

(bright region) becomes boarder with shallower gratings.
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

 

This dissertation investigates the thermal radiative properties of dispersed medium 

and periodic micro-fabricated gratings both theoretically and experimentally. The radiative 

properties of three dense ceramic Al2O3, AlN, and Si3N4 plates are investigated from the 

visible to the mid-infrared region at room temperature. In the visible and near-infrared 

region up to about λ = 4 μm, alumina is essentially nonabsorbing, and volume scattering 

dominates the radiative properties. Aluminum nitride resembles alumina but with some 

absorption, which increases in the infrared toward shorter wavelengths. For both of these 

two samples, volume scattering plays a significant role to enhance the diffuse reflectance, 

resulting in a high directional-hemispherical reflectance. The scattering coefficients of both 

of them are retrieved using inverse adding-doubling (IAD) method, which shows that 

Al2O3 has a much higher scattering coefficient than AlN, especially in the visible and near 

infrared. This can be explained by the finer particles (pores) with a diameter of about a 

quarter of a micrometer, and verified using Mie theory. The absorption coefficient of Al2O3 

increases rapidly with wavelength in the mid-infrared region from λ ≈ 4 m. This is in 

quantitative agreement with the absorption edge of Al2O3 crystals due to lattice vibrations. 

For AlN, the absorption coefficient increases toward shorter wavelengths in the visible 

region due to bandgap absorption and toward longer wavelengths at λ > 4 μm due to phonon 

absorption. For the opaque silicon nitride sample, volume scattering is insignificant and 

only slightly increases the directional-hemispherical reflectance. The absorptance of the 

Si3N4 sample in the visible and near-infrared regions is marginally greater for the rough 
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side than for the smooth side. For all three samples, the measured specular reflectance of 

the smooth side is lower than calculated reflectance of perfectly smooth surfaces due to 

surface scattering, which becomes dominant at shorter wavelengths.  

In the mid-infrared, phonon bands and the Christiansen effect are observed for the 

three ceramic materials. While the reflectance for the smooth side is similar to previously 

reported crystalline and ceramic Al2O3 as well as crystalline AlN plates, the reflectance of 

the Si3N4 sample appears to be much higher than both the existing measurements and 

predictions from the dielectric function models. The phonon parameters and dielectric 

function of the (poly)crystalline Si3N4 are obtained using Lorentz oscillator model. The 

infrared optical constants of ceramic Si3N4 are shown to be distinctively different from 

those of its amorphous counterpart that were studied by others. In the reststrahlen band, 

volume scattering gives rise to a diffuse reflectance component that is usually much smaller 

than the specular component. However, surface roughness can significantly reduce the 

reflectance, especially for the AlN sample. Knowledge gained from the present study may 

facilitate the heat transfer analysis and design in thermal systems and optoelectronic 

devices when these refractive ceramic materials are used. 

The observed enhanced directional-hemispherical reflectance in Al2O3 and AlN 

plates, which results from volumetric scattering, has inspired the design of a solar reflector. 

Consisting of a submillimeter PTFE sheet atop a silver thin film, the designed reflector 

demonstrates a very high diffuse reflectance in the solar spectrum. The integrated 

reflectance of a 0.24 mm thick PTFE film with the Ag reflector is 0.991, which is the 

highest value reported to date for any natural or artificial materials. The scattering and 

absorption coefficients of PTFE are extracted using IAD and applied in the Monte Carlo 
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ray tracing simulation and a modified two-flux model to predict the reflectance of the PTFE 

with and without the Ag reflector. The theoretical analysis offers insight of the radiative 

properties of sintered PTFE and the underlying principles of the dual-layer design. 

Furthermore, the high emittance of PTFE in the mid-infrared wavelengths beyond the solar 

spectrum is useful for sky radiative cooling. Therefore, the dual-layer structure holds great 

promise to achieve daytime radiative cooling or refrigeration under direct solar irradiation 

for building energy saving and outdoor thermal management. 

The bidirectional radiative properties of the proposed solar reflector are 

investigated in a follow-up study. The bidirectional reflectance and transmittance 

distribution functions of PTFE at various incidence angles are measured with a laser 

scatterometer at 635 nm wavelength. It is found that placing the Ag film on the back does 

not leads to a new specular peak, because the thickness of even the thinnest sample is much 

greater than the photon penetration depth. Nevertheless, it is observed that the reflection is 

nearly diffuse only when the incidence angle is small, a significant specular component is 

observed at oblique incidence. The surface roughness may affect the radiative properties 

and for a polished surface, some specular reflection is observed even at small incidence 

angles. The previous Monte Carlo ray-tracing algorithm is modified to incorporate both 

surface scattering and volumetric scattering to model the bidirectional radiative properties. 

Different surface roughness parameters are used to simulate the BRDF and the calculation 

can capture the main trend observed in the experiments. Further, the model is used to study 

the thickness effect by modeling PTFE sheets with much smaller thicknesses than those 

obtained experimentally. This allows the determination of the limiting thickness when 

specular reflection becomes important or even dominates. The findings of this work help 
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understand the bidirectional radiative properties of dispersed media, which have been used 

for passive radiative cooling in many recent studies. The method presented here can 

facilitate the design of nearly diffuse reflectors for these applications. 

This dissertation also investigates the thermal radiative properties of micro-

structured materials. The resonance absorption or emission by exciting MPs in deep metal 

gratings is experimentally demonstrated. The measured specular reflectance in the near- 

and mid-infrared region can be well described by the RCWA model for different incidence 

angles, polarizations, and grating orientations. Furthermore, the fundamental MP 

resonance can be predicted with the LC-circuit model. MPs in both in-plane layout and off-

plane layout are measured and analyzed. The mechanism for the shift of MP resonance is 

attributed to mode coupling with SPP for in-plane layout, and due to change of the lateral 

component of magnetic field for off-plane layout. This work shows, for the first time, the 

nearly parallel dispersion curves of SPPs and MPs in the off-plane layout both theoretically 

and experimentally. The effect of trench depth is also investigated and the mode splitting 

at the corresponding SPP is described. This study experimentally verified the theory of MP 

in deep gratings and extended the discussion to the off-plane layout. The finding of this 

study can benefit the future design of spectrally and directionally selective thermal emitters 

and absorbers based on metallic gratings. 

In this dissertation, detailed analysis and experimental results of thermal radiative 

properties of randomly dispersed medium and periodic micro gratings are presented, which 

could facilitate the design and application of novel materials that can hugely impact areas 

such energy conversion, nanophotonics, sensing, etc., with their tailored radiative 

properties. Following the project of the metallic grating, the next step is to study the 
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plasmonic coupling of gratings and 2D materials such as graphene, hBN by transferring 

them on top of the grating, as proposed by Zhao and Zhang [40, 92]. Gratings have been 

redesigned and fabricated for this purpose and preliminary results of graphene transfer are 

obtained. This graphene-grating structure is an ideal candidate of ultrafast optoelectronic 

devices due to the enhanced absorptance from MP resonance, while the resonance 

frequency can be tuned by the grating structure. For broadband photon absorption, which 

can be used in solar absorption, spectroscopy and energy harvesting, the metallic surface 

can be randomized with steep-edged roughness, forming a broad spectrum of resonance 

modes which couple with the graphene on top.  

For the design of the solar reflector, it is realized that the binding of the PTFE 

sample with the metal film is the limiting factor. The problem can be overcome by 

replacing PTFE films with non-absorbing porous polymer coatings that can be sprayed 

onto metal surfaces. The feature size of the polymer coating should be reduced to produce 

higher scattering coefficient, thus reducing the coating thickness required. For mass 

production, the silver film can be replaced with aluminum films which has similar radiative 

properties in the infrared region. Outdoor testing is to be performed to experimentally 

demonstrate the high solar reflectance and radiative cooling effect of the designed structure.  
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