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ABSTRACT 

Photonic materials for thermal emission control have attracted much attention in sustainable 

technologies where energy and heat management are highly desirable. Controlling the 

frequency dependency of emissivity enables passive suppression or enhancement of thermal 

emission which can be used to exploit thermodynamically favorable conditions. 

In Part I, we present the development of a selective solar absorber which suppresses thermal 

emission for efficient conversion of solar energy into thermal energy. Our absorber uses an 

ultrathin metal layer and an antireflective coating to suppress thermal emission and enhance 

solar absorption, respectively. Furthermore, we constructed a novel scalable photothermal 

reactor which utilizes the selective solar absorber for thermocatalytic processes. 

Thermochemical processes provide a sustainable alternative for fuel synthesis compared to 

traditional industrial methods, and catalyzed processes operate at reduced temperatures and 

pressures allowing them to be powered solely by direct solar thermal energy. Using sunlight, 

we synthesized C6 – C24 carbon chain length olefins from ethylene gas with Ni-catalyzed 

ethylene oligomerization, demonstrating a vital step for direct CO2 to sustainable aviation 

fuel synthesis. 

In Part II, we present silicon oxide and silicon nitride bilayer laminate nanoparticle films as 

scalable efficient daytime terrestrial radiative coolers which couple enhanced thermal 

emission with the cold background of space. We show experimentally that laminate 

nanoparticle films deposited from a nonthermal plasma are well described by effective 

medium mixing models, and their fill fraction tunability enables them to spectrally match 

more efficiently to the atmospheric transmission window than conventional dense laminate 

thin films. During this process, we realized a need for directly measuring thermal emission 

in a controlled ambient to facilitate inter-comparisons between radiative cooling 

performances. In response, we constructed a new instrument for direct spectrally and 

angularly resolved radiative emission measurements, providing a new avenue to study the 

thermal emission behavior of photonic materials. 
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C h a p t e r  1  

INTRODUCTION 

1.1 Motivation 

As the consumption of fossil fuels rises to meet rising energy demands, atmospheric carbon 

dioxide (CO2) levels have also risen due to the increasing amounts of anthropogenic 

emissions being released into the atmosphere. In 2022 alone, it was estimated that 36.1 billion 

tons of CO2 was released globally, a rise of approximately 1.5% over the previous year.1 As 

CO2 levels rise, the accompanying greenhouse gas effect has also given rise to the average 

global temperature, resulting in an estimated temperature rise of approximately 1 °C since 

pre-industrial revolution averages (1850 – 1900).2,3 Furthermore, cascading effects such as 

ocean acidification have been observed due to the sequestration of atmospheric CO2 in ocean 

water as carbonic acid, threatening many biological systems necessary to the delicate balance 

of the global ecological system.4,5 In order to combat these worrying trends, the Paris Climate 

Accord in 2015 established 2 major goals: to limit the average global temperature rise to 

below the critical point of 2 °C within this century with efforts to limit the increase to 1.5 °C, 

and to aim for the global peaking of greenhouse gas emission through the pursuit of carbon-

neutral and carbon-negative technologies.6–8 

To meet these goals, much effort has been expended on exploring, implementing, and 

establishing carbon-free, carbon-neutral, and carbon-negative technologies across a wide 

range of industrial and commercial fields.9 Carbon-free technologies do not emit CO2 during 

operation such as renewable energy generation from sources like wind and solar. Carbon-

neutral technologies produce CO2 emissions but also offset CO2 emissions elsewhere such 

that their overall contribution to CO2 emission is net zero. Carbon-negative technologies 

actively remove more carbon than they produce during operation, and commonly refer to 

various carbon sequestration methods and technologies.10–12 Projections on greenhouse gas 
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emissions in the future show that all of these technologies must soon be rapidly 

implemented in order to meet the Paris Climate Accord goals by the end of the century.13  

 

Figure 1.1. Projected annual greenhouse gas emissions based on the implementation of various mitigation 

technologies. Emissions reductions are shown comparing a conventional business-as-usual trend without further 

climate policies (green), use of abatement technologies (yellow) and use of carbon-negative technologies (blue). 

A red line shows the maximum greenhouse gas emissions allowed annually to keep global warming below 2 

°C. Figure taken from [13]. 

Recent work has shown that the application of photonics towards sustainable technologies 

may be a creative pathway for further reduction of CO2 emissions. Broadly defined, 

photonics is the study and manipulation of light and photons. Using photonics, infrared light 

in the form of radiative thermal emission can be manipulated. Here, two possible applications 

of photonics are discussed. One solution is to suppress thermal radiative emission and capture 

solar thermal energy to generate carbon-neutral sustainable fuels. Another solution is to 

enhance the re-emission of thermal radiation into space for passive terrestrial radiative 

cooling. 
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1.2 Selective Solar Absorbers 

One source of energy which many other technologies have utilized is solar energy. A 

universally available source of terrestrial energy, the sun supplies an estimated 1000 W/m2 

peak power flux on the surface of the earth and an average annual of approximately 200 – 

300 W/m2 across the United States.14,15 In total, it supplies an estimated 3×1015 kWh of 

energy every day. In context, in 2004, the global energy production was estimated at 3.6×1011 

kWh, or 0.012% of the total solar energy budget.16 The availability of solar energy makes it 

an ideal energy source for carbon-free and carbon-neutral technologies. 

 

Figure 1.2. Average annual solar energy per day across the United States. Figure taken from [14]. 

While direct photon solar energy has been commercially available for decades already, the 

thermal energy of the sun can also be captured and directed in ways which utilize heat as a 

primary energy source. Methods for directing and collecting solar heat include using broadly 

absorbing black surfaces and solar concentrators; however, we can achieve much higher 

efficiencies than both of these methods using photonic structures known as selective solar 



 

 

4 

absorbers.17,18 Unlike solar concentrators, which collect sunlight across a wide area, or black 

surfaces, which absorb at all wavelengths but lose significant energy to thermal re-radiation, 

a selective solar absorber can achieve high solar-thermal collection efficiencies by absorbing 

sunlight while suppressing infrared thermal radiation.19 In other words, these structures have 

high absorptivity in the solar wavelength regime and low emissivity in the infrared 

wavelength regime, creating surfaces which can exceed the maximum temperature of black 

surfaces under the same sunlight intensity conditions.18 Selective solar absorbers present an 

interesting photonics solution for capturing and harnessing solar thermal energy for carbon-

neutral technology applications. 

1.3 Photothermal Reactors 

Once solar energy is captured and converted into thermal energy by a selective solar 

absorber, it can be coupled to a system to supply usable heat. Recently, selective solar 

absorbers have found uses in a number of sustainable applications including solar 

desalination and atmospheric water harvesting, wastewater treatment, solar 

thermophotovoltaic and hybrid thermophotovoltaic devices, solar thermoelectric 

generations, and photothermal chemistry.20–26 While all of these applications aid in meeting 

the goals set forth by the Paris Climate Accord, solar driven photothermocatalytic chemistry 

in particular has generated recent widespread interest due to its potential impact as a 

sustainable technology.  

By coupling a selective solar absorber to a thermochemical reactor, solar thermal heat can be 

transferred and used to drive chemical reactions at elevated temperatures. Furthermore, the 

inclusion of a catalyst decreases the minimum temperature required to drive reactions. 

Historically, unconcentrated sunlight (1000 W/m2) has been considered too weak of an 

energy source to unlock the temperatures required to begin even the lowest temperature 

thermocatalytic reactions at around 75 – 100 °C.27,28 As such, much of the previous work on 

solar driven thermochemistry has incorporated solar concentrators and focusing mirrors.29,30 

However, with the development of selective solar absorbers, radiative heat loss can be 
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reduced to the point where low temperature thermocatalytic reactions become 

thermodynamically available under unconcentrated sunlight conditions. 

 

Figure 1.3. Flowchart showing the possible pathways for synthesizing sustainable fuels from sunlight. Figure 

taken from [31]. 

A solar driven photothermal reactor must be designed specifically to take advantage of a 

selective solar absorber. Specifically, the heat from the selective solar absorber must be 

efficiently transferred to the thermocatalytic site, while all other heat loss pathways are 

minimized. Sunlight must also be allowed to reach the selective solar absorber unimpaired. 

Thus, most solar driven photothermal reactors involve the use of a vacuum insulating layer 

around the selective solar absorber to reduce non-radiative heat loss to the surrounding 

environment, while the selective solar absorber itself reduces the radiative heat loss to the 

environment. Finally, the reactor itself is usually insulated as well to prevent further heat loss 

to the environment. If necessary, solar concentrators can also be coupled with a selective 

solar absorber to reach higher temperatures. 

 



 

 

6 

1.4 Sustainable Aviation Fuels 

With the growing potential of solar driven photothermal chemistry, one area which has 

generated much widespread interest has been in the generation and synthesis of sustainable 

liquid fuels from sunlight. Sustainable fuels generally includes three types: biofuels or fuels 

made from waste resources, synthetic fuels, and recycled carbon fuels.32–34 These fuels are 

important because they are zero or near zero net carbon emission emitters compared to 

conventional fossil fuels. Within sustainable fuels, solar driven photothermal chemistry has 

explored the synthesis of sustainable aviation fuels from CO2 using sunlight.34 There are 

several major impacts of this technology. 

First, most carbon-free technologies such as solar energy primarily produce electrical energy. 

While electrical technology can replace many current existing systems such as combustion 

engine vehicles for electric vehicles, they cannot meet all current economic and industrial 

energy demands. This is most starkly highlighted in industries which require high energy 

density sources, namely the aviation, shipping, and transportation industry. For example, 

current aviation jet fuel has an energy density of approximately 43 MJ/kg, while state of the 

art lithium-ion batteries found in electric vehicles for electricity storage have an energy 

density of 0.72 MJ/kg, almost 100 times lower than jet fuel.35 In these situations where 

electrical storage methods are insufficient, a viable solution is to produce sustainable aviation 

fuels instead. 

Second, by using sunlight as the thermal energy for reduction of CO2 to fuels, the fuel 

lifecycle is net carbon neutral. Net carbon negative can also be achieved by using this 

technology as an effective carbon sequestration method to store atmospheric CO2 in liquid 

hydrocarbon form. Finally, the replacement of current fossil fuel aviation fuels with 

sustainable fuels means that global emissions from fossil fuel usage decreases. It is estimated 

that the aviation transportation industry contributes to approximately 2.4% of global 

anthropogenic CO2 emissions, with 80% of those emissions emitted from long distance 

(>1500 km) flights with no alternative transportation options.36 Sustainable aviation fuels are 
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a viable solution for preventing the disruption of these industries while still meeting the 

Paris Climate Accord goals this century.  

Current work applying industrially relevant thermocatalytic reactions to sustainable solar 

powered methods has yielded many CO2 reduction reactions with temperature requirements 

ranging from as low as 25 °C up to 500 °C, and products including formic acid, methane, 

carbon monoxide, methanol, hydrocarbons, and olefins.37 Beyond CO2 reduction, a reaction 

known as ethylene oligomerization may be an interesting candidate for solar driven 

thermocatalytic pathways. Ethylene oligomerization generates alkenes from ethylene gas: 

𝑛𝐶2𝐻4 → 𝐶2𝑛𝐻4𝑛 (1.1) 

And can be a potential pathway for sustainable fuel generation. By coupling precursor 

ethylene gas produced from CO2 reduction with a solar driven ethylene oligomerization 

process, then hydrogenating the product olefin to its corresponding paraffin, high molecular 

weight hydrocarbons can be directly synthesized from CO2.
38 Therefore, the coupling of 

selective solar absorbers with photothermal reactors presents a multidisciplinary solution for 

accessing thermocatalytic pathways for sustainable fuel synthesis via sunlight. Furthermore, 

solar driven ethylene oligomerization can be a potential method for generating sustainable 

aviation fuels directly from CO2.  

1.5 Passive Daytime Terrestrial Radiative Coolers 

An alternative application of photonics towards sustainable technologies aiming to reduce 

CO2 emissions is in the development of passive daytime terrestrial radiative coolers. As a 

passive technology, radiative cooling aims to reduce emissions by reducing the current global 

energy usage spent on air conditioning and heat management. Also known as selective 

radiators, daytime radiative coolers are photonic structures designed to passively cool below 

the surrounding ambient temperature during the daytime by emitting infrared thermal 

radiation directly into space while reflecting incident sunlight.39 Here, space acts as an 

unlimited heat sink with a background temperature of approximately 2.7 K. As such, these 
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structures have low absorptivity in the solar wavelength regime and high emissivity in the 

infrared wavelength regime. The low solar absorptivity prevents the structure from heating 

up due to solar thermal energy, while the high infrared emissivity acts as the primary cooling 

pathway for directing thermal energy away from the structure.40,41 In other words, daytime 

radiative coolers are the opposite of selective solar absorbers; instead of enhancing solar 

absorptivity and reducing radiative heat loss, they reduce solar absorptivity and enhance 

radiative heat loss. 

 While these principles are sufficient for understanding radiative cooling, terrestrial radiative 

coolers also require that the atmosphere itself be a vital consideration in radiative cooling 

design.39 Specifically, the terrestrial atmosphere, composed of nitrogen, oxygen, water vapor, 

and other gases, acts as a semi-transparent media which reduces the total infrared thermal 

radiation which can reach space from the surface of the earth.42 Coincidentally, there exists 

an atmospheric transparency window from 8 – 14 µm which corresponds well with the 10 

µm spectral peak of a blackbody at room temperature.43,44 As such, a terrestrial radiative 

cooler is designed to take advantage of the atmospheric transparency window by maximizing 

its thermal infrared emission from 8 – 14 µm while minimizing infrared emission everywhere 

else. In doing so, the structure maximizes the total thermal radiation which reaches space 

while minimizing losses due to absorption in the atmosphere. Passive daytime terrestrial 

radiative coolers present an interesting photonics solution for reducing global active cooling 

energy costs. 
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Figure 1.4. Atmospheric transmission spectra at low humidity (Gemini Observatory) and average humidity 

(1976 U.S. Standard) showing the main atmospheric transparency window which exists from 8 – 14 µm. At 

low humidity, a second atmospheric transparency window exists from approximately 16 – 24 µm. Data taken 

from [43]. 

1.6 Laminate Nanoparticle Films 

Laminate nanoparticle films, or layered films composed of many nanoparticles packed in a 

random array on a substrate, present a potential photonic design for passive daytime 

terrestrial radiative coolers. In general, the optical response of dielectric and plasmonic 

nanoparticles depends on the relation between the nanoparticle size, the wavelength of 

incident light, and the refractive index of the nanoparticle material. In brief, the optical 

response of nanoparticles with sizes larger than the wavelength of light can be described by 

Mie resonance modes, nanoparticles with sizes on order of the wavelength of light by dipole 

scattering and diffraction, and nanoparticles with sizes much smaller than the wavelength of 

light by effective medium approximations.45 When laminate nanoparticle films are 

composed of nanoparticles with sizes much smaller than the wavelength of light, effective 

medium approximations can be used to effectively design nanoparticle films as passive 

daytime terrestrial radiative coolers. 
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Effective medium approximations are methods for predicting the macroscopic properties 

of composite media without needing to consider the individual contributions from every 

constituent in the media and their local interactions with their neighbors.46–48 In the case of 

laminate nanoparticle films, instead of calculating the individual contributions from each 

nanoparticle towards light scattering, an effective medium approximation is instead used to 

predict the macroscopic, or effective, optical properties of the entire nanoparticle film as if it 

were a homogeneous film.49 This method works well for nanoparticle films because while 

they are inhomogeneous at the individual nanoparticle level, they can be assumed to be 

homogeneous at length scales much larger than the nanoparticle size. In other words, 

laminate nanoparticle films composed of nanoparticles much smaller than the wavelength of 

incident light can be described by effective medium approximations as a homogeneous film 

with effective optical properties describing their bulk behavior. In the case of radiative 

cooling, the nanoparticles are significantly smaller than the infrared wavelength length scale 

of 8 – 14 µm.  

Using laminate nanoparticle films gives extra degrees of control over design factors such as 

the fill fraction or ratio of mixed nanoparticle materials in the film which can give rise to 

effective optical properties difficult to replicate using simple dense laminate thin films. This 

increased control in design can enable the creation of a wide variety of structures including 

uniform index layers, graded index structures, and compositionally graded multilayer stacks. 

By extending the extra degrees of control in laminate nanoparticle films towards the design 

of passive daytime terrestrial radiative coolers, they can be used to create structures which 

are better optimized for terrestrial radiative cooling than can be achieved by classical thin 

film multilayer designs. 
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Figure 1.5. Schematic diagram showing a laminate nanoparticle film acting as a uniform index layer in the 

effective medium approximation size regime. Laminate nanoparticle films can be used to create graded index 

structures and compositionally graded multilayer stacks with effective optical properties different from their 

classical bulk thin film counterparts. 

1.7 Nonthermal Plasma Synthesis 

Laminate nanoparticle films can be produced from a synthesis method known as nonthermal 

plasma synthesis.50,51 Nonthermal plasma synthesis is a technique which utilizes a plasma to 

nucleate and grow nanoparticles which can then be deposited uniformly as laminate 

nanoparticle films.  

Briefly, nonthermal plasma synthesis of nanoparticles works by first applying a strong 

electric field to a gas. The electric field accelerates free electrons which cause a cascade of 

gas atom ionizations leading to more free electrons in an event known as electron avalanche. 

Over time, when the creation/recombination rates of ions/electrons are matched, a steady-

state plasma is created. Here, the nonthermal property of the plasma refers to the fact that the 
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plasma is not at thermal equilibrium; the electrons are at significantly higher temperatures 

(11,000 – 55,000 K) compared to the gas ions (300 – 1200 K). In this steady state, the free 

electrons negatively charge the walls of the reactor and any larger species in the chamber. At 

this stage, nanoparticles are formed through a 3-step process. First, nucleation events create 

neutrally charged particle. Second, kinetics cause agglomeration of nucleated particles to 

form larger particles. Third, once the particles reach a size large enough to be charged by the 

free electrons in the plasma, the agglomeration phase ends, and particle growth continues 

through surface reactions with positive precursor ions in the plasma. As long as precursor 

gas is flowed through the plasma, the nanoparticles can continue growing in this phase. At 

this point, laminate nanoparticle films can be fabricated by stopping the precursor gas flow 

into the plasma and ejecting the nanoparticles onto a substrate.52 

 

Figure 1.6. Schematic diagrams showing the processes and interactions occurring in a nonthermal plasma. (a) 

Elementary processes in a nonthermal plasma which include acceleration of electrons in the electric field, 

ionization of gas atoms, creation of free electrons, and inelastic interactions; (b) Charging effect of nanoparticles 

and reactor walls due to free electrons in the nonthermal plasma. Figure taken from [52]. 
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Figure 1.7. Schematic diagrams showing the process of nanoparticle formation in a nonthermal plasma and 

laminate nanoparticle film deposition. (a) Initial nucleation of particles in the plasma due to condensation or 

chemical reaction between ions; (b) Nanoparticle agglomeration between nucleates forms larger particles which 

become negatively charged by free electrons, leading to continued growth through surface reactions with 

positive precursor ions in the plasma; (c) Nanoparticle deposition onto a substrate forms a uniform laminate 

nanoparticle film. 
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Benefits of nonthermal plasma synthesis include its ability to produce extremely small 

nanoparticles (r < 5 nm), control nanoparticle size with narrow size distributions, produce 

high purity nanoparticles, produce nanoparticles of many different materials, and produce 

complex particles such as core/shell particles.52 For the fabrication of laminate nanoparticle 

films, nonthermal plasma synthesis can be used to deposit films with uniform controlled 

thickness and fill fraction over wide areas. This technique provides a scalable method for 

fabricating large-scale laminate nanoparticle films as passive daytime terrestrial radiative 

coolers.  

1.8 Scope of this Thesis 

This thesis highlights the intersection between photonics and other fields to produce elegant 

multidisciplinary solutions for current sustainability challenges. Structured into three 

sections, this thesis investigates the application of photonics towards two different 

sustainable technologies as well as a new instrument for studying the thermal emission of 

photonic structures. 

In Section I, we focus on the intersection between photonics and thermocatalysis to 

investigate and address challenges towards producing sustainable fuels from sunlight. 

Chapter 2 investigates the design of photonic structures as selective solar absorbers for 

collecting and converting solar energy into usable thermal energy. Chapter 3 discusses the 

design of a solar driven photothermal reactor which takes advantage of selective solar 

absorbers to drive thermocatalytic reactions. Chapter 4 presents the results of this 

multidisciplinary solution towards synthesizing sustainable fuels.  

In Section II, we focus on the use of photonic nanoparticle films as radiative coolers to 

investigate and address challenges towards reducing global energy needs. Chapter 5 studies 

the physical and optical properties of laminate nanoparticle films. Chapter 6 investigates the 

advantages of laminate nanoparticle films for radiative cooling compared to current passive 

radiative cooling designs. Chapter 7 explores the fabrication and characterization of laminate 

nanoparticle films as effective radiative coolers.  
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In Section III, we report on a new instrument for studying the spectrally and angularly 

resolved radiative thermal emission of radiative cooling structures. Chapter 8 presents the 

design specifications, considerations, operational procedure, and results obtained from this 

instrument. This thesis aims to advance and explore our understanding and use of photonic 

solutions for tackling challenges found in current sustainable technologies. 
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SECTION I: GENERATING SUSTAINABLE FUELS FROM 

SUNLIGHT 
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C h a p t e r  2  

HARNESSING SOLAR THERMAL ENERGY WITH SELECTIVE 

SOLAR ABSORBERS 

2.1 Introduction 

 As described in Chapter 1, selective solar absorbers have high absorptivity in the 

solar wavelength regime and low emissivity in the infrared wavelength regime, allowing 

them to capture solar thermal energy more efficiently than solar concentrators and black 

absorbers. Existing literature on selective solar absorbers have explored many ways for real 

materials and designs to mimic these ideal properties. Some of these representative designs 

include intrinsic absorbers with inherent favorable spectral emissivity, anti-reflective (AR) 

coatings on semiconductor materials, multilayer stacks of dielectric and metal layers, metal-

dielectric composites, patterned microstructures on metals, and nanostructured photonic 

crystals.18,53–59 Other designs have also explored nanoparticles or complex nanophotonic and 

metasurface structures to achieve elevated temperatures.60–62  

 

Figure 2.1. Representative schematic of six major types of selective solar absorbers commonly found in 

literature. The designs include: (a) intrinsic absorbers; (b) AR coated semiconductor materials; (c) metal-

dielectric multilayer stacks; (d) metal-dielectric composites known as cermets; (e) surface textured metals; (f) 

nanostructured photonic crystal designs. Figure taken from [18]. 



 

 

18 

In this chapter, we discuss the optimization procedure for designing efficient selective 

solar absorbers. We present work on three selective solar absorber designs: a transparent 

conducting oxide (TCO) absorber, a photonic crystal waveguide (PCWG) absorber, and a 

metal AR coated absorber. For each design, we report optimized design parameters and their 

maximum theoretical temperatures under 1 sun (1000 W/m2) and 3 sun (3000 W/m2) 

intensity. We also report their solar absorptivity and infrared emissivity. We discuss 

limitations pertaining to each design. Finally, we fabricate and report the optical 

characterization and thermal performance of the metal AR coated absorber under 1 sun 

intensity. Note that 1 standard sun intensity refers to the Reference Air Mass 1.5 Spectra 

(AM1.5) from the National Renewable Energy Laboratory (NREL).15 

2.2 Principles of Selective Solar Absorbers 

 Selective solar absorbers work by absorbing light efficiently in the visible wavelength 

regime while having low absorptivity in the infrared wavelength regime. Due to Kirchhoff’s 

Law of Thermal Radiation which states that a surface at thermal equilibrium must radiate the 

same amount of power that it absorbs, we can therefore define the emissivity of the surface 

at thermal equilibrium as equal to the absorptivity of the surface.63 Thus, we can rephrase the 

first statement to state that selective solar absorbers work by having high emissivity in the 

visible wavelength regime while having low emissivity in the infrared wavelength regime. 

Due to the fact that the sun is approximately a blackbody at 5780 °C, which is spectrally 

centered far away from a room temperature blackbody at 300 °C, we can see that by splitting 

the emissivity of a surface into two regimes, one of high emissivity in the solar wavelength 

regime and one of low emissivity in the infrared wavelength regime, we can create an 

efficient selective solar absorber. 
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Figure 2.2. Comparison in the spectral centering between the AM1.5 solar spectrum and blackbody curves at 

various temperatures. The spectral center of the solar irradiance is approximately 0.5 µm and the blackbody 

curves are centered at approximately 8 µm (100 °C), 5 µm (300 °C), and 4 µm (500 °C). 

In order to calculate the expected temperature of a selective solar absorber, we first write the 

power balance of the surface from the 1st Law of Thermodynamics: 

𝑃𝑛𝑒𝑡 = 𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 (2.1) 

𝑃𝑖𝑛 = 𝑃𝑠𝑜𝑙𝑎𝑟 (2.2) 

𝑃𝑜𝑢𝑡 =  𝑃𝑟𝑎𝑑 + 𝑃𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑑 (2.3) 

∴ 𝑃𝑛𝑒𝑡 = 𝑃𝑠𝑜𝑙𝑎𝑟 − 𝑃𝑟𝑎𝑑 − 𝑃𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑑 (2.4) 

As we can see from Eq. 2.4, the net power that the surface observes is the difference between 

the total solar energy gained by the surface and the total energy lost from the surface, either 

through radiative pathways or non-radiative pathways, namely convection and conduction. 

Thus, we can see mathematically that a selective solar absorber aims to maximize Psolar while 

minimizing Prad.  
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Within Eq. 2.4, we can define the total solar energy absorbed by a surface as: 

𝑃𝑠𝑜𝑙𝑎𝑟 = 𝐴 ∫ 𝐼𝐴𝑀1.5(𝜆)𝜖(𝜆)𝑑𝜆

∞

0

(2.5) 

Where A is the area of the surface, IAM1.5(λ) is the AM1.5 solar spectrum incident on the 

surface, and ε(λ) is the wavelength-dependent emissivity of the surface. Here, we note that 

for Eq. 2.5, we only integrate across the wavelength because we treat the incident solar 

radiation as a plane wave. As such, for a surface facing the sun at normal incidence, we use 

only the normal incidence emissivity (and for incident sunlight at other angles, we use the 

corresponding emissivity at that angle).  

Next, the energy radiated by the surface via blackbody radiative emission can be defined as: 

𝑃𝑟𝑎𝑑 = 2𝜋𝐴 ∫ ∫ 𝐼𝐵(𝜆, 𝑇)ϵ(𝜆, 𝜃)

∞

0

sin 𝜃 cos 𝜃 𝑑𝜆𝑑𝜃

𝜋
2

0

(2.6) 

Where IB(λ,T) is the blackbody spectral irradiance at temperature T of the surface and ε(λ,θ) 

is the wavelength and angle-dependent emissivity of the surface. Note here that Eq. 2.6 

integrates over the entire hemispherical radiative emission from the surface. This is because 

radiative thermal emission radiates in all directions away from the surface. Also, IB(λ,T) is 

defined explicitly by Planck’s Law as: 

𝐼𝐵(𝜆, 𝑇) =
2ℎ𝑐2

𝜆5

1

𝑒
ℎ𝑐

𝜆𝑘𝐵𝑇 − 1

(2.7) 

Where h is Planck’s constant, kB is the Boltzmann constant, and c is the speed of light. For 

surfaces whose emissivity is constant across all wavelengths, Stefan-Boltzmann Law can 

instead be used to simplify Prad: 

𝑃𝑟𝑎𝑑 = 𝐴𝜖𝜎𝑇4 (2.8) 



 

 

21 

Where σ is the Stefan-Boltzmann Constant. Finally, we approximate the non-radiative heat 

loss component as a simple linear relationship: 

𝑃𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑑 = 𝑄𝐴(T − 𝑇𝑎) (2.9) 

Where Ta is the ambient temperature surrounding the surface, and Q is the non-radiative heat 

loss coefficient. Q is a representative value which encompasses all of the effects of non-

radiative loss into a single variable for simplicity. Note that when calculating the maximum 

theoretical temperature of a surface, we ignore all non-radiative effects (Q = 0 W/m2/K). 

From these equations, we now find by substituting Eq. 2.5 – 2.9 into Eq. 2.4 the following 

generalized relationship with respect to temperature: 

𝑃𝑛𝑒𝑡(𝑇) = 𝑃𝑠𝑢𝑛 − 𝑃𝑟𝑎𝑑(𝑇4) − 𝑃𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑑(𝑇) (2.10) 

Thus, we can see from Eq. 2.10 that the radiative emission has a significant impact on the 

maximum theoretical temperature that a surface can reach. From these equations, we can 

now calculate the maximum temperature of a surface given its emissivity. By setting Pnet = 

0 W/m2 and solving for T, which is encompassed in Eq. 2.6 and Eq. 2.9, we find the 

equilibrium temperature at which the total absorbed power of sunlight equals the total power 

lost through radiative and non-radiative loss. In sections 2.2.1 and 2.2.2, we observe several 

consequences of these equations. 

2.2.1 Lower Limit Performance 

Here, we find the maximum theoretical temperature of a perfectly absorbing black surface. 

A perfectly absorbing blackbody is also a perfectly emitting blackbody due to Kirchhoff’s 

Law of Thermal Radiation, thus ε(λ,θ) = 1 for all wavelengths and angles. When calculating 

the theoretical maximum temperature of a surface, we ignore all non-radiative effects. Using 

Eq. 2.5, we find that the overall solar power flux is approximately 1000 W/m2, which 

matches our expectation that the integral of the AM1.5 solar spectrum returns 1 sun intensity. 

Setting Pnet = 0 in Eq. 2.4, we now solve for the temperature which corresponds to a 
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blackbody that radiates with a power of 1000 W/m2. Thus, we find that the corresponding 

blackbody temperature is approximately 91 °C.  

 

Figure 2.3. (a) Comparison between the AM1.5 solar spectrum and the blackbody irradiance curve at 91 °C. 

Both curves have a total power of 1000 W/m2. The emissivity for a perfectly absorbing surface is overlaid; (b) 

The net cooling power experienced by a perfectly absorbing surface as a function of temperature. Here dT is 

the difference between the ambient temperature (300 K) and the surface temperature. 
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From this result, we can see that any applications which require temperatures higher than 

91 °C will require either solar concentrators or selective solar absorbers to achieve their 

temperature requirements. While solar concentrators can also achieve high temperatures, 

their implementation generally requires more complexity, bulk, and space than selective 

solar absorbers.17 Furthermore, we can take this temperature as the practical lower limit for 

selective solar absorber performance since any absorber which has a maximum temperature 

below 91 °C can essentially be replaced by a simple black surface.  

2.2.2 Upper Limit Performance 

Here, we calculate an upper limit on performance for a selective solar absorber. We begin by 

studying a surface with an emissivity which is 1 across the entire solar wavelength regime 

and 0 everywhere else, also known generally as an ideal selective solar absorber. In other 

words, this surface has an emissivity window which can be represented by a rectangular 

function:  

𝜖(𝜆) = {
1, if 0.3 μm ≤ λ ≤ 4μm
0, 𝑒𝑙𝑠𝑒

(2.11) 

Performing the same calculation outlined in the previous sub-section, we find that the 

maximum theoretical temperature of this structure is approximately 324 °C. 
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Figure 2.4. (a) Comparison between the AM1.5 solar spectrum and the blackbody irradiance curve at 324 °C. 

The emissivity for an ideal selective solar absorber is overlaid; (b) The net cooling power experienced by an 

ideal selective solar absorber as a function of temperature. Here dT is the difference between the ambient 

temperature (300 K) and the surface temperature. 
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Furthermore, we can increase the temperature by moving the right boundary of the 

rectangular function to even shorter wavelengths. When we reduce this emissivity window, 

we see that the maximum theoretical temperature rapidly rises: this is because the integral of 

the tail of the blackbody curve at short wavelengths must match the total absorbed solar 

power flux. However, the practical trade-off for this increase in temperature is loss in heating 

rate: as the emissivity window becomes smaller, the rate of heating of the surface also 

decreases due to the decrease in total absorbed solar power flux.  
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Figure 2.5 (a) Maximum theoretical temperature of a rectangular emissivity window as a function of the spectral 

size of the emissivity window. The emissivity window is bounded on the left at 0.3 µm; (b) The total absorbed 

solar power as a function of the emissivity spectral window size. 
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From this result, we find an effective upper limit on selective solar absorber performance. 

It is also important to note that once non-radiative effects are considered, the maximum 

theoretical temperature will reduce further; thus, a broad unitary emissivity window which 

covers most of the solar wavelength regime will generally reach a higher temperature in 

practice than a narrow window, especially given diurnal time constraints. 

2.3 Absorber Design and Optimization 

Here, we outline our procedure for designing and optimizing selective solar absorbers: 

1. We begin the design stage by qualitatively selecting appropriate materials which 

have optical properties that may yield a favorable emissivity curve. 

2. Once the candidate materials are chosen, we fabricate the individual material 

layers and optically characterize the bulk material properties by extracting their complex 

refractive index using visible and infrared ellipsometry. 

3. Using the extracted complex refractive index, we apply ray transfer-matrix 

method to calculate the reflectivity, transmissivity, and absorptivity/emissivity of any 

multilayer stack comprised of those materials.64 

4. Using the calculated emissivity, we calculate the maximum theoretical 

temperature of the design using the procedure outlined in Section 2.2.  

5. We perform a parametric sweep of the design space, usually the layer thickness 

and order, and report the design with the highest temperature performance.  

Using this procedure, we study and report on 3 unique designs: 

1. Indium tin oxide (ITO) absorber  

2. Photonic crystal waveguide (PCWG) absorber  

3. Metal AR coated absorber 
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2.3.1 ITO Absorber 

The first design we present is a transparent conducting oxide (TCO) layer on an absorbing 

substrate. TCOs are materials which possess both transparent and conducting properties due 

to the fact that their carrier density and mobility lie in-between values commonly found for 

metals and semiconductors. This results in a material which is transparent in the visible 

wavelength regime, but reflective in the infrared wavelength regime.65 

To explain this phenomenon, we first note that reflectivity can be understood in conducting 

materials to be the result of carriers in a material oscillating at the frequency of the incident 

light, producing a plasma oscillation. As the frequency of the light increases, the carriers 

become unable to keep up with this increase in electromagnetic frequency, and the light 

instead transmits through the material without reflection. The maximum frequency at which 

these plasma oscillations occur is known as the plasma frequency of the material, and is 

defined as: 

𝜔𝑝 =
𝑛𝑒2

𝜖0𝑚
(2.12) 

Where n is the carrier concentration, m is the electron rest mass, and ε0 is the vacuum 

permittivity. We can also re-write this as the plasma wavelength of the material: 

𝜆𝑝 =
2𝜋𝑐

𝑒
√

𝜖0𝑚

𝑛
(2.13) 

Where c is the speed of light. Thus, from Eq. 2.13, we can see that as the carrier concentration 

increases, λp decreases; this means that for most metals which have high carrier 

concentrations and high conductivity, their plasma wavelength is located near the ultraviolet 

wavelength regime, resulting in a material which is highly reflective in the visible 

wavelength regime. Alternatively, insulating materials which have low carrier concentrations 

and low conductivity have long plasma wavelengths resulting in their transparent nature. In 

TCOs, since their conductivity lies between metals and semiconductors, they possess a 
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plasma wavelength in the near or mid-IR wavelength regime while being transparent in 

the visible wavelength regime. This results in a material that has both transparent and 

conducting properties.65 

To take advantage of this, we propose a selective solar absorber comprised of an ITO layer 

on an absorbing substrate, either silicon or germanium. The reason we chose ITO is because 

ITO is the most widely used commercial transparent conducting oxide. A silver back 

reflector was added to prevent loss of solar energy through the back of the absorber. 

 

Figure 2.6. Schematic of an ITO-based selective solar absorber.  

Following the procedure outlined at the beginning of Section 2.3, once the ITO design was 

selected, ITO layers were fabricated for characterization. The 75 nm ITO layers were 

deposited by sputter deposition with 0.4 sccm O2 and 20 sccm Ar gas flow onto a silicon 

substrate. After deposition, the material was characterized by visible and infrared 

ellipsometry. A Drude-Lorentz oscillator model was used for the ellipsometry model for 

ITO. Fitting the ellipsometry data, we found that the carrier concentration for the ITO was 

3.47×1020 cm3 with a corresponding plasma wavelength of 1.79 µm.  
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Figure 2.7. Complex refractive index of sputter deposited ITO from ellipsometry in the (a) visible and (b) 

infrared wavelength regime. 

Using the complex refractive index of ITO in Fig. 2.7, we calculated the corresponding 

reflectivity, transmissivity, and absorptivity of the multilayer design presented in Fig. 2.6 

using ray transfer matrix method.64 We observe that the ITO layer gives high transmissivity 

in the solar wavelength regime and high reflectivity in the infrared wavelength regime as 
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expected for a TCO material. Using the emissivity calculated from ray transfer matrix 

method, we calculate the maximum theoretical temperature of each structure with the 

procedure outlined in Section 2.2. For this specific design, we swept the ITO thickness 

parameter space on both a silicon and germanium substrate and reported the maximum 

temperatures and optimal parameters for this design. 

Table 2.1. Maximum theoretical temperature of an ITO absorber with varying thickness and 

substrate under 1 sun intensity. 

ITO Thickness 

[nm] 

Si Substrate: 

Max Temp 

[°C] 

Ge Substrate: 

Max Temp 

[°C] 

25 102.6 108.6 

100 146.8 154.1 

200 177.8 183.1 

300 200.4 204.3 

400 212.0 213.7 

600 218.0 216.9 

800 219.6 218.0 

1000 220.2 219.6 

 

From the optimization results, we find that increasing ITO thickness past 500 nm results in 

diminishing returns for the increase in the maximum temperature. We also find that at thicker 

ITO layers, the Si substrate outperforms the Ge substrate. As such, we recommend the 

following design parameters: 500 nm ITO layer with carrier concentration 3.47×1020 cm3 on 

a 500 µm silicon substrate with a silver back reflector. The calculated maximum temperature 

of this ITO absorber is approximately 217 °C and 350 °C under 1 sun and 3 sun intensity, 

respectively. The absorber has a solar absorptivity of 81.8% and an infrared emissivity of 

25.0% at 217 °C. Note that we report the infrared emissivity at a specific temperature because 

the blackbody irradiance curve shifts spectrally with respect to temperature. 
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Figure 2.8. Calculated emissivity for a 500 nm ITO absorber overlaid with the AM1.5 solar spectrum and 

blackbody curves at 217 °C and 350 °C. The blackbody curves are at the absorber’s maximum theoretical 

temperature under 1 sun and 3 sun intensity.  

2.3.2 PCWG Absorber 

The second design we present is a photonic crystal waveguide (PCWG) based selective solar 

absorber. A photonic crystal is a nanostructure capable of manipulating electromagnetic 

waves due to its structured periodicity. Here, the photonic crystal is designed as an infrared 

photon (thermal) concentrator, directing and trapping infrared radiation along its waveguide 

mode. The proposed PCWG design utilizes periodic hole arrays in a germanium layer. 

Germanium was chosen due to its high refractive index, absorption coefficient stability in 

the visible wavelength regime, and its very low loss infrared properties. The design was 

optimized by iterating the layer thickness, hole-to-hole pitch, hole radius, and material 

refractive index. Note that the design and optimization of the photonic crystal waveguide is 

not a part of the scope of this thesis and was performed by another student.  

Here we report the following parameters for an optimized PCWG absorber: 3.1 µm 

germanium layer with real(n) = 1.5, 0.775 µm hole radius, 3.1 µm pitch. The absorptivity of 

the PCWG design was extracted, and following the procedure outlined in Section 2.2, the 

maximum theoretical temperature was calculated. The calculated maximum temperature of 

this selective solar absorber design is approximately 389 °C and 560 °C under 1 sun and 3 
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sun intensity, respectively. The PCWG absorber has a solar absorptivity of 51.1% and an 

infrared emissivity of 4.7% at 389 °C. 

 

Figure 2.9. (a) Model of a PCWG absorber with hole arrays; (b) Calculated emissivity for an optimized PCWG 

absorber overlaid with the AM1.5 solar spectrum and blackbody curves at 389 °C and 560 °C. The blackbody 

curves are at the absorber’s maximum theoretical temperature under 1 sun and 3 sun intensity.  

We can see that even though the solar absorption in the PCWG absorber is lower than the 

ITO absorber, the maximum theoretical temperature is higher because the radiative thermal 

power is significantly lower. As a consequence of Eq. 2.10, the decrease in radiative power 

contributes more greatly to the maximum temperature than the increase in solar absorption. 
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2.3.3 Metal AR Coated Absorber 

The third design we present is a multilayer structure comprised of a coupled metal layer and 

AR coating on an absorbing substrate. Here, we use both an AR coating and an optically thin 

transparent layer of metal to increase the absorptivity of the substrate layer in the solar 

wavelength regime and decrease the emissivity of the surface in the infrared wavelength 

regime, respectively. The metal layer must be sufficiently thin such that it is transparent to 

visible light but remain highly reflective to infrared radiation. Furthermore, if we layer the 

metal layer on the AR coating, we can potentially create a metal-dielectric interface which 

acts as a plasmonic waveguide that suppresses outgoing infrared thermal radiation by 

confining it along the metal-dielectric interface.  

For materials selection, we chose silicon or germanium as the substrate. For the AR coating, 

we chose silicon nitride due to its well-known commercial use as an anti-reflective coating.66 

For the optically transparent metal layer, we chose gold and silver due to their stability and 

their favorable plasma wavelength compared to other metals such as aluminum. A silver 

back reflector was added to prevent loss of solar energy through the back of the absorber. 

 

Figure 2.10. Schematic of a metal AR coated selective solar absorber. 

Once the materials were selected, we deposited individual layers of silicon nitride, gold, and 

silver. The 50 nm gold and silver layers were deposited by electron beam evaporation on 

silicon, and 50 nm silicon nitride was deposited by plasma-enhanced chemical vapor 

deposition (PECVD) at 200 °C on silicon. After deposition, the layers were measured in 
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visible and infrared ellipsometry and fitted using the J.A. Woollam library oscillator 

models for each specific material. From the ellipsometry results, we confirmed that electron 

beam deposited gold and silver complex refractive index was extremely well-matched with 

literature values. The PECVD deposited silicon nitride complex refractive index is shown in 

Fig. 2.11.  
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Figure 2.11. Complex refractive index of PECVD deposited silicon nitride from ellipsometry in the (a) visible 

and (b) infrared wavelength regime. 

Applying the bulk material complex refractive index results to the schematic presented in 

Fig. 2.10, we use ray transfer matrix method to calculate the reflectivity, transmissivity, and 

absorptivity of the multilayer structure.64 For this design, we swept the substrate material (Si, 

Ge), metal material (Au, Ag), metal thickness, silicon nitride thickness, and metal-silicon 

nitride layer order. From the emissivity, we calculate the maximum theoretical temperature 

and report the design parameters for the highest temperature absorber.  

We report the design parameters for the highest performing silver and highest performing 

gold AR coated absorbers: 10 nm silver layer on 70 nm silicon nitride layer on a silicon 

substrate with silver back reflector, and a 13 nm gold layer on 70 nm silicon nitride layer on 

a silicon substrate with silver back reflector. The maximum theoretical temperature of each 

selective solar absorber design was: 448 °C and 614 °C under 1 sun and 3 sun intensity for 

the silver structure, and 428 °C and 611 °C under 1 sun and 3 sun intensity for the gold 

structure. The silver AR coated absorber has an average solar absorptivity of 46.1% and an 

infrared emissivity of 3.0% at 448 °C, while the gold AR coated absorber has an average 

solar absorptivity of 47.4% and an infrared emissivity of 3.5% at 428 °C. 
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Figure 2.12. Calculated emissivity for the highest performing silver AR coated absorber and gold AR coated 

absorber overlaid with the AM1.5 solar spectrum.  

 

As we can see, the metal AR coated absorber has a similar solar absorptivity compared to 

the PCWG absorber while also having an even lower infrared reflectivity. As a result, this 

structure has the highest maximum theoretical temperature of the three designs that we 

studied.  

2.4 Fabrication 

For full scale selective solar absorber fabrication and testing, we chose to move forward with 

the gold AR coated absorber. This is because the gold AR coated absorber is the least 

complex to fabrication and most scalable for industrial applications: the ITO carrier 

concentration in the ITO absorber could not be consistently controlled between deposition 

runs, and the PCWG absorber was inherently difficult to fabricate. Furthermore, the gold AR 

coated absorber had the highest predicted temperature performance. Between the gold and 

silver AR coated absorber, gold was chosen due to its stability in air compared to silver which 

tarnishes to silver oxide. 

For the fabrication process, 70 nm of silicon nitride was deposited by PECVD on a silicon 

substrate, then 13 nm of gold was deposited by electron beam evaporation. Electron beam 

evaporation was also used to deposit a 200 nm silver back reflector on the reverse side of the 

selective solar absorber.  

During initial fabrication, it was discovered that ultrathin layers (< 20 nm) of gold could not 

be deposited uniformly without a wetting layer.67–70 When gold is deposited, it initially forms 

islands on the surface, which then coalesce as more material is deposited until all of the 

islands are connected as a uniform surface. For thicknesses under 20 nm, the gold layer forms 

only a non-uniform disconnected layer which greatly reduces its reflectivity in the infrared 

wavelength regime. We observed this phenomenon both indirectly and directly. When the 
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emissivity of the selective solar absorber was measured, the reflectivity in the infrared 

wavelength regime was significantly lower expected. This was corroborated by scanning 

electron microscopy (SEM) images showing gold non-uniformity on the surface of the 

selective solar absorber.  

 

Figure 2.13. (a) Absorptivity of a gold AR coated absorber showing poor reflectivity in the infrared wavelength 

regime due to non-uniformity in the ultrathin gold layer; (b) SEM image showing the surface of the absorber. 
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To resolve this issue, a 1 nm germanium layer was added as a wetting layer underneath 

the gold layer. This resolved the issue as confirmed in both visible and infrared ellipsometry 

and SEM. We also confirmed using ray transfer matrix method that a 1 nm germanium layer 

had no effect on the emissivity of the multilayer stack. Thus, the final gold AR coated 

absorber design is a multilayer stack comprised from top to bottom with 13 nm gold, 1 nm 

germanium, 70 nm silicon nitride, 500 µm silicon, and 200 nm silver back reflector. 

 

 

Figure 2.14. (a) Schematic of an optimized gold AR coated selective solar absorber; (b) Image of a 4-inch 

diameter gold AR coated absorber. 

2.5 Optical Characterization 

Visible and infrared ellipsometry was used to characterize the selective solar absorber. The 

complete ellipsometry model was constructed from the individual materials models 

previously used to fit each material during the optimization process. For the ellipsometry 

model, all of the oscillator models for each layer and thickness were fit simultaneously. Ray 

transfer matrix method was used to calculate the emissivity, and the emissivity was used to 

calculate the maximum theoretical temperature.  

From the ellipsometry results, we report the thickness of each layer: 11.5 nm gold, 0.7 nm 

germanium, and 67.9 nm silicon nitride. This matches well with our optimized structure 
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design parameters. From the emissivity, we recalculated the maximum temperature of the 

absorber: 249 °C and 416 °C under 1 sun and 3 sun intensity, respectively. We attribute this 

temperature decrease from the optimized absorber to the fact that the ultrathin layer of gold 

is not perfectly smooth. As such, we see a sizable increase in the infrared emissivity from 

3.5% to 11.7% for the fabricated absorber compared to the theoretical absorber. The solar 

absorptivity increased slightly from 47.4% to 49.2%. 

Finally, we also observe the angle-dependent emissivity. This is interesting because a wide 

range angle of absorption allows for better solar absorption as the sun moves across the sky. 

We also calculate the electromagnetic field mode profile of the absorber with the electric and 

magnetic field intensities plotted versus structure depth with an incident 500 nm plane wave. 
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Figure 2.15 (a) Emissivity of a gold AR coated absorber overlaid with the AM1.5 solar spectrum and blackbody 

curve at 249 °C, the maximum theoretical temperature of the absorber; (b) Angle-dependent emissivity of the 

absorber; (c) Electromagnetic mode profile versus film depth of the absorber. 
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2.6 Thermal Performance 

To measure the thermal performance of the gold AR coated absorber, we placed the absorber 

inside a vacuum chamber with a quartz window. The structure was balanced on a thin bare 

wire type K thermocouple with thermal paste for increased adhesion and thermal 

conductivity between the thermocouple junction and absorber. A vacuum level of 

approximately 1 mTorr (1.3×10-6 Bar) was generated with a rough pump to reduce non-

radiative heat loss. Solar radiation was introduced with an ABET Sun 3000 Simulator. The 

solar irradiance was independently measured with a ThorLabs power meter. Under a solar 

intensity of 1000 W/m2, the absorber measured a peak temperature of 121 °C over a period 

of 120 minutes. 

Finally, we fit for the non-radiative heat loss coefficient Q to better understand how much 

heat is lost to the environment. By using Eq. 2.9 in the power balance equation, we calculate 

Q such that the calculated temperature matches the experimentally measured temperature. 

Taking the area of the absorber into account and the fact that environmental heat loss 

pathways conduct through both the top and bottom surfaces of the absorber, we find a final 

Q = 1.8 W/m2/K for this vacuum environment.  
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Figure 2.16. Temperature versus time curve of a gold AR coated absorber in a low vacuum environment (1 

mTorr) under 1 sun intensity. 

2.7 Summary and Conclusion 

In this chapter, we discussed the working principles of a selective solar absorber as well as 

current designs existing in literature. We proposed and optimized three types of selective 

solar absorbers: an ITO absorber, a PCWG absorber, and a gold AR coated absorber. We 

reported optimized absorbers achieving maximum theoretical temperatures of 217 °C, 389 

°C, and 428 °C under 1 sun intensity for each absorber. At 1 sun, the solar absorptivity for 

each absorber was 81.8%, 51.1%, and 47.4%, and the infrared emissivity was 25.0%, 4.7%, 

and 3.5% at maximum temperature. We fabricated and characterized the gold AR coated 

absorber and measured a solar absorptivity of 49.2% and an infrared reflectivity of 11.7%. 

Finally, we measured a thermal performance of 121 °C under 1 sun intensity and fitted an 

environmental non-radiative heat loss coefficient of Q = 1.8 W/m2/K. 
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C h a p t e r  3  

DESIGNING A SOLAR DRIVEN PHOTOTHERMAL REACTOR 

3.1 Introduction 

As stated in Chapter 1, while selective solar absorbers have found use in a wide range of 

thermal applications, synthesis of sustainable aviation fuels via sunlight has gained 

widespread interest for its high potential impact on the aviation, transportation, and shipping 

industries. In order to utilize a selective solar absorber, it must be coupled to a system capable 

of efficiently transferring heat to the desired application. Thus, a number of solar driven 

reactors have been demonstrated for this purpose. Interestingly, most literature currently 

concerns the development and improvement of catalysts to increase the efficiency and 

selectivity of products as opposed to solar driven reactor engineering design.71 This is 

because product yield from solar driven thermocatalysis tends to be lower compared to 

industrial heating methods. Also, solar driven reactor design is most relevant primarily 

among photothermal reactors. This is because unlike conventional thermochemical reactors, 

photothermal reactors require light during operation, and are therefore best adapted to 

utilizing sunlight and a selective solar absorber. 

By studying current photothermal reactor designs for sustainable fuel synthesis, we find that 

reactor designs can be categorized by their mode of operation, their heating source, and their 

type. The mode of operation is divided into batch process reactors and continuous or flow 

process reactors. Heating sources include both radiative (light) and external (non-radiative) 

heating. Finally, the types of reactors include fixed bed reactors and structured reactors.  
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Figure 3.1. Diagram showing the breakdown of existing photothermal reactors by their type, mode of operation, 

and heating source. Figure taken from [71]. 

Most current photothermal reactors operate from between 1 – 10 sun intensity (1 – 10 

kW/m2) with reactor volumes ranging from as low as 1.5 mL up to 550 mL, with operational 

temperatures ranging from 100 – 350 °C; reported conversion efficiencies of CO2 to C2+ 

products range from approximately 9% up to 35% in these reactors.71–84 We note here that 

there also exists industrial scale thermochemical reactors which use solar concentrators to 

reach extremely high sun intensities (10 – 100 kW/m2) such as the Ivanpah Solar Electric 

Generating System in California and the Solar Thermal Advanced Reactor System by Pacific 

Northwest National Laboratory.85,86 However, we will focus primarily on reactor designs 

which can operate under little to no sun concentration (1 – 3 kW/m2) for the scope of this 

thesis because solar concentration can always be used to supplement thermal performance 

afterwards. Given the current literature on solar driven photothermal reactors, many areas of 

improvement can be explored including the solar thermal efficiency, scalability, and product 

yield.  

In this chapter, we discuss the design considerations for a solar driven photothermal reactor 

which utilizes a selective solar absorber as its primary heating source. From the 
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considerations, we propose a planar scalable reactor design with a selective solar absorber 

capable of operating in both batch and flow mode. We present work on modeling the 

geometry and thermal performance of our design using SolidWorks computer-aided design 

(CAD) and COMSOL Multiphysics with an in-depth discussion on the thermal modeling 

process and results.87,88 Following the modeling, we construct a working lab-scale 

photothermal reactor and measure the thermal performance under experimental operating 

conditions and calculate its thermal efficiency. 

3.2 Design Considerations 

We propose several factors to consider when designing a solar driven photothermal reactor. 

These include the mode of operation, the minimum operational requirements, the thermal 

efficiency the selective solar absorber, the long-term chemical and mechanical stability, and 

the ease of construction, usability, and scalability. 

1. The mode of operation can depend on several factors including the desired reaction, 

product yield, and product quantification method: 

First, batch mode reactors are loaded with reactant and catalyst, and the products are 

measured after a certain amount of time. Alternatively, flow mode reactors 

continually flow reactant through the reactor and quantify the product generation in 

real time. In this case, flow mode reactors are more desirable because they give better 

product quantification compared to batch mode reactors. 

Second, batch mode reactors generally achieve higher conversion efficiencies 

compared to flow reactors, especially for reactions which have longer reaction times. 

In this case, batch mode reactors may be advantageous because solar thermal may 

not be able to reach temperatures comparable with other heating methods; the 

decrease in temperature naturally increases the reaction time due to kinetics. 

Third, batch mode reactors may be able to reach higher peak temperatures compared 

to flow mode reactors. This is because flowing reactant will naturally act as a cooling 
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mechanism for removing heat from the reactor through convective/conduction. 

This can be counteracted by either pre-heating the reactants or lowering the flow rate. 

Thus, it is possible that batch mode reactors are better suited for longer reactions 

requiring higher temperatures, while flow mode reactors are better suited for faster 

reactions with lower temperature requirements. For C2+ product generation, we may 

expect batch mode reactors to generate longer hydrocarbon chains, while flow mode 

reactors generate more total product over time albeit with shorter hydrocarbon chains.  

2. The minimum operational requirements of the reactor are defined by the reaction 

requirements. In other words, the reactor must be able to operate at the minimum operating 

temperature and pressure of the desired reaction. In general, because product generation is 

more favorable at higher temperatures and pressures due to Le Chatelier’s principle, we 

want to design the reactor to operate at the highest possible temperature and pressure. In 

practice, the reactor must simply operate at the peak temperature of the selective solar 

absorber because the major limitation to reactor operation is the available solar thermal 

energy. 

 

3. The reactor must efficiently couple with the selective solar absorber such that heat is 

funneled from the absorber to the catalyst/reaction, and all other heat loss pathways are 

minimized. Furthermore, the reactor must allow the selective solar absorber to access as 

much sunlight as possible. In general, meeting these requirements involves utilizing a 

vacuum insulating layer around the selective solar absorber and a transparent window. The 

vacuum insulating layer reduces convective/conductive heat loss, and the transparent 

window allows sunlight through. To summarize, the selective solar absorber is responsible 

for minimizing the radiative heat loss, and the photothermal reactor is responsible for 

minimizing the non-radiative heat loss. 

 

4. Consideration must be given towards the chemical and mechanical stability of the 

reactor. Since we do not want the reactor itself to affect the reactivity of the reaction, 

chemically inert materials should be used. Furthermore, as an extension of point #2, fatigue 
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from cycling of thermal and mechanical stress can occur over time. Chosen material 

should be rated appropriately.  

 

5. Finally, the ease of construction, usability, and scalable can all be important factors 

favoring one design over another. In particular, the potential for scalability of a 

photothermal reactor up to industrial levels can be considered a major design advantage 

for real-world applications. 

3.3 Reactor Design 

Based on all of the previously listed photothermal reactor design considerations, we designed 

a planar photothermal reactor from top to bottom with three active layers: a vacuum 

insulating layer, a selective solar absorbing layer, and a thermocatalytic reaction layer. As 

previously stated, the vacuum insulating layer reduces the convective and conductive heat 

loss from the selective solar absorber to the surrounding environment and encourages 

conductive heat flow downwards towards the thermocatalytic reaction layer. We use a 

transparent quartz window to enclose the vacuum layer and allow incident sunlight to reach 

the selective solar absorber. We use the gold AR coated absorber as our selective solar 

absorber. Below the selective solar absorber, we use a stainless-steel plate to separate the 

absorber and the thermocatalytic reaction layer. Another stainless-steel plate encloses and 

isolates the thermocatalytic reaction layer. The overall design is planar so that it scales 

linearly in area with total collected solar irradiance; increasing the length and width of the 

reactor does not change the overall thermodynamics of the reactor.  
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Figure 3.2 Schematic of a solar driven photothermal reactor comprised of a vacuum insulating layer, selective 

solar absorber, and thermocatalytic reaction layer. 

For the actual construction of a working lab-scale photothermal reactor, we decided to use a 

multilayer stack of stainless-steel 6-inch diameter ConFlat (CF) flanges. In other words, we 

constructed the schematic shown in Fig. 3.2 using a quartz window flange, a double-faced 

flange, a thin plate flange, a second double-faced flange, and a second thin plate flange. We 

chose CF flanges because of their off-the-shelf availability, modularity, vacuum pressure 

rating, and overall mechanical strength. Furthermore, the stainless steel allows us to machine 

ports directly into the double-sided flanges for direct attachment of adapters, hoses, and 

valves with vacuum tightness. For the thermocatalytic reaction layer, we include a reaction 

inlet port, product outflow port, and thermocouple feedthrough port. In the vacuum insulating 

layer, we include a vacuum port and a thermocouple feedthrough port. The selective solar 

absorber is adhered directly to the surface of the thin plate flange using thermally conductive 

paste. Fig. 3.3 shows a CAD assembly of the deconstructed photothermal reactor. The CAD 

assembly uses 3D STP files of flanges imported from VacuCAD, a free library of CAD 

models for vacuum components provided by Kurt J. Lesker Company. 
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Figure 3.3. Deconstructed CAD assembly of a photothermal reactor highlighting each active layer. (a) First 

layer showing thermocatalytic reaction layer constructed using a thin plate flange and a double-faced flange. 

An inlet port, outlet port, and thermocouple feedthrough are included in the double-faced flange; (b) Second 

layer showing the selective solar absorber and vacuum insulating layer constructed using a second thin plate 

flange and double-faced flange. A vacuum port and thermocouple feedthrough are included in the double-faced 

flange; (c) Fully constructed photothermal reactor with quartz window flange enclosing the vacuum insulating 

layer; (d) Top view of photothermal reactor; (e) Side view cross-section of photothermal reactor. 
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Due to the modular nature of the design, the thermocatalytic reaction layer can be set up 

for both batch mode and flow mode operation. In Fig. 3.3, the reactor is set up in batch mode 

operation. In batch mode setup, the thermocatalytic reaction layer is a large, isolated volume 

composed of a thin plate flange, a double-faced flange, and another thin plate flange. 

However, we can set up the reactor in flow mode operation by replacing the thermocatalytic 

reaction layer with a single thick blank flange instead. By machining a tube through the 

center of the thick blank flange, we can flow reactant continuously through the reactor. Thus, 

for the flow mode setup, the reactor multilayer stack is instead constructed from a quartz 

window flange, a double-faced flange, and a thick blank flange. Fig. 3.4 shows CAD 

assemblies of the photothermal reactor in both batch mode setup and flow mode setup.  

 

Figure 3.4. (a) CAD assembly of photothermal reactor in batch mode setup. The thermocatalytic reaction layer 

is an isolated volume designed for batch reactions, and it is constructed using two thin plate flanges and a 

double-faced flange; (b) CAD assembly of photothermal reactor in flow mode setup. The thermocatalytic 

reaction layer is a single thick blank flange with a tube machined through the center. 

3.4 Thermal Modeling 

To understand and predict the thermal performance of the reactor, we use COMSOL 

Multiphysics with finite element analysis for thermal modeling.87 We model both the batch 

mode setup and the flow mode setup. This section covers the modeling procedure step-by-

step in detail, then reports the results. 

 



 

 

52 

3.4.1 Model Setup 

Using the model wizard, we set up a 3D time-independent study with the Heat Transfer in 

Solids and Surface-to-Surface Radiation physics interfaces, and the Heat Transfer with 

Surface-to-Surface Radiation multiphysics interface.  

3.4.2 Construction Geometry 

We re-construct the reactor geometries in Fig. 3.4 in the COMSOL geometry construction 

interface. The goal of re-constructing the geometry is to simplify/remove unnecessary 

features as much as possible to increase the model efficiency. As such, we model all the 

flanges as simple cylinders, either hollow or solid. All dimensions are rounded from the 

commercial specification sheets for each component. 

1. Thin plate flanges are cylinders with h = 0.175 in, r = 3 in. 

2. Double-faced flanges are hollow cylinders with h = 0.75 in, rinner = 2 in, and router 

= 3 in. 

3. Thick blank flanges are cylinders with h = 0.78 in, r = 3 in. For the flow mode 

setup, we remove through the center of the flange a cylindrical domain with h = 6 

in, r = 0.1875 with axis parallel to the flat face of the flange. 

4. The quartz window is constructed from a hollow cylinder representing the 

stainless-steel flange and a solid cylinder representing the quartz. The stainless-

steel flange has h = 0.78 in, rinner = 2 in, router = 3 in, and the quartz window itself 

has h = 0.25 in, r = 2 in. 

5. We must add domains representing each empty region within the reactor that we 

wish to include as part of the heat transfer modeling. Thus, we add a cylinder 

representing the vacuum domain and a cylinder representing the domain within 

the thermocatalytic reaction layer. For the batch mode setup, our vacuum domain 

has h = 1.28 in, r = 2 in, and our air domain has h = 0.75 in, r = 2 in. For the flow 

mode setup, our vacuum domain is the same, but our air domain is instead a long 

cylinder with h = 6 in, r = 0.1875 in. It is minor, but important to note here that 
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we perform a Collapse Face operation on the cylinder. This is because we are 

placing a cylindrical rod sideways inside another cylinder (thick blank flange), so 

a sliver of face will be exposed at the ends of the rod due to the side curvature of 

the thick blank flange. 

3.4.3 Materials Selection 

Once the reactor geometry is constructed, we assign the necessary materials properties to all 

domains and boundaries as required by the selected physics interfaces. For the Heat Transfer 

in Solids interface, we must assign the density ρ, thermal conductivity k, and heat capacity 

at constant pressure Cp to all domains. For the Surface-to-Surface Radiation interface, we 

must assign the reflectivity, transmissivity, and absorptivity to all boundaries. The following 

section discusses the domain assignments while the boundary assignments will be discussed 

in Section 3.4.5. 

For the domain assignments, we assign stainless steel, quartz glass, vacuum, and nitrogen to 

the appropriate domains in the model. Nitrogen was used to represent the thermocatalytic 

reaction layer domain. Table 3.1 shows the materials property values for all materials 

assigned in the model.  

Table 3.1. Materials properties assigned to domains in the COMSOL model for the 

photothermal reactor. 

a Property manually input from literature 89–92 
b Properties from built-in COMSOL materials library 87 
c Property manually calculated and input 
d Property manually input from literature 93 

 

Material ρ [kg/m3] k [W/m/K] Cp [J/kg/K] 

304L Stainless Steel a  8000 15 500 

Quartz Glass b 2210 1.4 730 

Nitrogen b ρ(T,P) k(T) Cp(T) 

Vacuum 1.5×10-6 c 0.01 c 1000 d 
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For the vacuum properties, we manually calculated the density and the thermal 

conductivity of dry air at 1 mTorr and 25 °C. To calculate the density, we used the ideal gas 

law for dry air: 

𝜌𝑎𝑖𝑟 =
𝑃

𝑅𝑎𝑖𝑟𝑇
(3.1) 

Where P is the pressure, Rair is the dry air specific gas constant, and T is the temperature. For 

the thermal conductivity, we used the following empirical relationship: 

𝑘(𝑃, 𝑇) =
𝑘0

(1 +
𝐶𝑇
𝑃𝑑

)
(3.2) 

Where K0 is the thermal conductivity of air at 1 atm, P is the pressure, T is the temperature, 

d is the characteristic length, and C is an empirical constant equal to 7.6×10-5 (m•K)/N.94 Fig. 

3.5 shows the empirical relationship between air thermal conductivity and pressure at various 

temperatures above 25 °C and pressures below 1 atm. From this relationship, we used a value 

of 0.01 W/m/K for the vacuum thermal conductivity as a safe upper limit for modeling, even 

though Fig. 3.5 suggests that at 1 mTorr (1.3×10-6 Bar), the thermal conductivity should be 

much lower than 0.01 W/m/K.  
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Figure 3.5. Graph showing the effect of high temperatures and low pressures on air thermal conductivity. 

Calculated from [94]. 

3.4.4 Heat Transfer in Solids Interface 

Here, we set the modeling conditions, boundary conditions, and other parameters for the heat 

transfer interface. We set the ambient temperature to 300 K. We assign a heat flux boundary 

to all external surfaces of the model to represent convective and conductive heat loss from 

the reactor to the environment. The heat flux relationship used in COMSOL is the same non-

radiative heat loss relationship as Eq. 2.9. 

3.4.5 Surface-to-Surface Radiation Interface 

Here, we set the radiative modeling settings, introduce the radiative sunlight source, and 

assign the reflectivity, transmissivity, and absorptivity properties for all boundaries. For the 

radiative modeling settings, we used ray shooting method with a resolution of 16. 
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For the sunlight source, we use a plane wave with a direction vector normal to the surface 

of the reactor. The source temperature is 5780 K, and the source heat flux is 1000 W/m2 and 

3000 W/m2 for 1 sun and 3 sun intensity, respectively.  

To assign the optical properties of each material, we use Semitransparent Surfaces which 

allow us to manually define the reflectivity, transmissivity, and absorptivity of each surface. 

It is important to note here that at the time of this work, COMSOL limited the number of 

user-defined spectral bands allowed for defining wavelength-dependent radiative properties. 

In other words, the exact emissivity of the selective solar absorber could not be imported 

directly into COMSOL and as a result, the emissivity had to be discretized and averaged over 

a limited number of spectral bands. In order to solve this issue, we wrote an algorithm which 

attempted to optimally subdivide the selective solar absorber emissivity into discrete spectral 

bands with an average emissivity within each spectral band such that the discretized 

emissivity would give very similar results to the original emissivity when used to calculate 

the maximum theoretical temperature. Therefore, Fig. 3.6 compares the original emissivity 

of the gold AR coated absorber and the discretized emissivity used for COMSOL modeling 

the selective solar absorber. Table 3.2 and Table 3.3 report the absorptivity and reflectivity 

values assigned for each material at each defined spectral band in COMSOL. The 

transmissivity of the material at each spectral band is then 1 – A – R.  

 



 

 

57 

 

Figure 3.6. Comparison between the measured emissivity of the gold AR coated selective solar absorber and 

the discretized emissivity used for the COMSOL model. 

Table 3.2. Absorptivity values assigned to each spectral band for the materials assigned to 

boundaries in the COMSOL model for the photothermal reactor. 

Spectral Band 

[µm – µm] 

Selective Solar Absorber Stainless Steel Quartz Glass 

0.300 – 0.375  0.5092 0.075 0.05 

0.375 – 0.465  0.7790 0.075 0.05 

0.465 – 0.725 0.7197 0.075 0.05 

0.725 – 0.955 0.3780 0.075 0.05 

0.955 – 1.310 0.1613 0.075 0.05 

1.310 – 2.505 0.0873 0.075 0.05 

2.505 – 3.390 0.0927 0.075 0.525 

3.390 – 4.580 0.0972 0.075 1 

4.580 – 6.095 0.1001 0.075 1 

6.095 – 8.080 0.1021 0.075 1 

8.080 – 10.780 0.1033 0.075 1 

10.780 – 12.810 0.1043 0.075 1 

12.810 – 19.345 0.1057 0.075 1 

19.345 – 24.695 0.1059 0.075 1 

24.695 – ∞  0.1057 0.075 1 

 



 

 

58 

Table 3.3. Reflectivity values assigned to each spectral band for the materials assigned to 

boundaries in the COMSOL model for the photothermal reactor. 

 

For the boundary assignments, we assigned the selective solar absorber properties to the top 

surface of the thermocatalytic reactor layer domain, quartz glass properties to the top and 

bottom surface of the quartz window domain, and stainless-steel properties to all other 

boundaries in the model.  

3.4.6 Meshing 

We used a physics-controlled mesh with “normal” element size for the model mesh. We note 

here that for this model, using any mesh element “coarser” or finer all produced results within 

approximately 0.5 – 1 °C of the “normal” element size mesh results. 

Spectral Band 

[µm – µm] 

Selective Solar Absorber Stainless Steel Quartz Glass 

0.300 – 0.375  0.4908 0.925 0 

0.375 – 0.465  0.2210 0.925 0 

0.465 – 0.725 0.2803 0.925 0 

0.725 – 0.955 0.6220 0.925 0 

0.955 – 1.310 0.8387 0.925 0 

1.310 – 2.505 0.9127 0.925 0 

2.505 – 3.390 0.9073 0.925 0 

3.390 – 4.580 0.9028 0.925 0 

4.580 – 6.095 0.8999 0.925 0 

6.095 – 8.080 0.8979 0.925 0 

8.080 – 10.780 0.8967 0.925 0 

10.780 – 12.810 0.8957 0.925 0 

12.810 – 19.345 0.8943 0.925 0 

19.345 – 24.695 0.8941 0.925 0 

24.695 – ∞  0.8943 0.925 0 
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Figure 3.7. Photothermal reactor model built in COMSOL geometry with “normal” element size mesh for the 

(a) batch mode setup and (b) flow mode setup. 

3.4.7 Results 

We report the COMSOL thermal modeling results of the photothermal reactor. For both the 

batch mode setup and the flow mode setup, we report temperature versus length profiles 

along the thermocatalytic reaction layer, the surface of the selective solar absorber, and the 

inside surface of the quartz window. The profile along the absorber shows the highest 

temperature in the reactor, the profile along the thermocatalytic reaction layer shows the 

temperatures that the reaction/catalyst can access, and the profile along the quartz window 

shows a measure of the effectiveness of the vacuum insulating layer. For both reactor setups, 

we report the temperature profiles at 1 sun and 3 sun intensity and heat fluxes of Q = 0, 2, 

and 4 W/m2/K.  

From the COMSOL results, we can see that the maximum theoretical temperature with no 

non-radiative environmental heat loss is approximately 85 – 90 °C and 160 – 180 °C for 1 

sun and 3 sun intensity. We observe a large temperature difference between the selective 

solar absorber and the quartz window showing that the vacuum insulating layer is working 

as intended. Both the batch mode and flow mode setup achieve similar temperatures under 

the same operating conditions. The reason the maximum theoretical temperature of the 

reactor is lower than that of the selective solar absorber is because the reactor surfaces also 

emit thermal radiation; in other words, solar energy collects across a 4-inch diameter circular 



 

 

60 

area, but thermal radiation emits from the entire cylindrical area of the reactor. As such, 

we expect that we increase the reactor area, the maximum theoretical temperature of the 

reactor approaches that of the selective solar absorber as the edge effects of the reactor 

disappear. Finally, we observe that a non-radiative heat flux of 4 W/m2/K results in a large 

decrease in temperature. This suggests that the photothermal reactor itself will also need to 

be thermally insulated from the environment for best performance.  
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Figure 3.8. Temperature versus length profile of the batch mode photothermal reactor setup calculated from 

COMSOL thermal model. The temperature profiles are sampled along the surface of the selective solar absorber, 

the inside surface of the quartz window, and the top and bottom of the thermocatalytic reaction layer. Each plot 

shows the temperature profile of the reactor under different conditions: (a) I = 1000 W/m2, Q = 0 W/m2/K; (b) 

I = 1000 W/m2, Q = 2 W/m2/K; (c) I = 1000 W/m2, Q = 4 W/m2/K; (d) I = 3000 W/m2, Q = 0 W/m2/K; (e) I = 

3000 W/m2, Q = 2 W/m2/K; (f) I = 3000 W/m2, Q = 4 W/m2/K. 
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Figure 3.9. Temperature versus length profile of the flow mode photothermal reactor setup calculated from 

COMSOL thermal model. The temperature profiles are sampled along the surface of the selective solar absorber, 

the inside surface of the quartz window, and the thermocatalytic reaction layer. Each plot shows the temperature 

profile of the reactor under different conditions: (a) I = 1000 W/m2, Q = 0 W/m2/K; (b) I = 1000 W/m2, Q = 2 

W/m2/K; (c) I = 1000 W/m2, Q = 4 W/m2/K; (d) I = 3000 W/m2, Q = 0 W/m2/K; (e) I = 3000 W/m2, Q = 2 

W/m2/K; (f) I = 3000 W/m2, Q = 4 W/m2/K. 
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3.4.8 Modeling an Industrial-Scale Reactor 

To demonstrate the scalability for the photothermal reactor, we modeled an industrial-scale 

rectangular reactor. To ensure consistency in the thermal modeling process, the industrial-

scale reactor was modeled by simply scaling up the COMSOL geometry with no changes to 

the underlying physics. The length and width were increased to match that of the LONGi Hi-

MO 5 solar panel which has dimensions of 2256 mm by 1133 mm.95 We chose to replicate 

the LONGi solar panel size because it is representative of the current sizes of commercially 

available thin films and thin film devices. From the COMSOL results, we see that the 

industrial-scale photothermal reactor reaches a maximum theoretical temperature of 120 °C 

and 210 °C under 1 sun and 3 sun intensity. Operating under a typical ambient environment 

with Q = 6 W/m2/K, the reactor reaches 75 °C and 150 °C under 1 sun and 3 sun intensity. 

The temperature profile is fairly uniform across the length and width of the reactor. As 

expected, as the reactor area increases, the temperature rises because the edge effects 

diminish.  
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Figure 3.10. (a) Temperature versus length/width profile of an industrial-scale photothermal reactor under 

various conditions calculated from COMSOL thermal model; (b) Spatial temperature profile under 1 sun 

intensity.  

3.5 Reactor Construction 

The working lab-scale photothermal reactor was constructed using off-the-shelf 6-inch CF 

flange components. For the ports, 1/8-inch female NPT threads were machined into the sides 

of the double-sided flanges as described in Fig. 3.3. For the batch mode setup, two quarter-

turn valves were installed to seal the inlet and outlet flow ports during operation. For the flow 

mode setup, 1/8-inch NPT to stainless steel tube fitting adapters were used to connect the 

reactor to the inlet and outlet lines. A 0.25-inch hole was drilled through the center of a thick 

blank flange for the flow mode setup. For the vacuum insulating layer, a 1/8-inch NPT to KF 

adapter was used to connect a rough pump to the reactor. The gold AR coated absorber was 
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adhered to the surface of the reactor using thermally conductive paste. Fig. 3.11 shows the 

fully constructed photothermal reactor. 

 

Figure 3.11. Fully constructed photothermal reactor in batch mode setup. Two quarter-turn valves with Quick 

Connect valves are attached. The other ports are sealed with plugs. Note that the selective solar absorber is not 

installed in (b).  

In order to insulate the reactor from the environment as suggested from the COMSOL 

thermal modeling, we constructed an insulation box comprised of a 1-inch polystyrene layer, 

radiative reflective shields, and fiberglass insulation. A transparent ultrathin low-density 

polyethylene sheet was used to cover the open of the box while allowing sunlight in. Fig. 

3.12 shows the photothermal reactor inside the insulation box.  
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Figure 3.12. (a) Photothermal reactor with insulation box. A transparent low-density polyethylene sheet is used 

to cover the opening of the box during operation; (b) Experimental setup of photothermal reactor in insulation 

box with ABET Sun 3000 Simulator. 

3.6 Thermal Performance 

First, we measured the thermal performance of the photothermal reactor under 1 sun and 3 

sun intensity. For the measurements, the photothermal reactor was placed inside the 

insulation box and a thermocouple was connected through the thermocouple feedthrough 

port into the thermocatalytic reaction layer. We used an ABET Sun 3000 Simulator to 

generate the solar irradiance, and the power flux was independently measured with a 

ThorLabs power meter. Measurements were made over 48 hours to observe the steady-state 

temperature. The photothermal reactor reached a steady-state temperature of approximately 

55 °C under 1 sun intensity and approximately 120 °C under 3 sun intensity. We also re-

measured the selective solar absorber performance under these conditions and observed a 

steady-state temperature of approximately 130 °C with Q = 1.6 W/m2/K for the vacuum 

insulation. 
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Figure 3.13. Temperature versus time curve of the reactor under 1 sun and 3 sun illumination. The previously 

measured selective solar absorber temperature versus time curve under 1 sun is also shown. 

We also measured the effect of gas flow on the flow mode photothermal reactor setup. For 

this measurement, we flowed argon gas at 5 sccm and compared the temperature rise with 

no argon gas flow. Fig. 3.14 compares the photothermal reactor temperature under 3 sun 

intensity with and without argon gas flow over a 10-hour period, showing little to no effect. 
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Figure 3.14. Comparison of temperature versus time in the flow mode photothermal reactor setup under argon 

gas flow versus no argon gas flow with 3 sun intensity over 10 hours. 

From the temperature results, we used our COMSOL model to characterize the thermal 

performance of the insulation box. To do so, we fit the non-radiative heat flux Q in our 

COMSOL model such that the calculated temperature of the thermocatalytic reaction layer 

matches our experimental temperature measurements. In other words, we find the Q for our 

COMSOL model which best returns the temperature closest to 120 °C at 3 sun intensity. This 

value of Q is then the representative heat flux through the insulation box. From COMSOL, 

we find that the insulation box has an approximate heat flux of 1.15 W/m2/K. 

Finally, we calculated the thermal efficiency per unit area of our reactor operating at these 

conditions. We define the thermal efficiency as: 

𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑃𝑖𝑛

𝑃𝑡𝑜𝑡𝑎𝑙
= 1 −

𝑃𝑜𝑢𝑡

𝑃𝑡𝑜𝑡𝑎𝑙

(3.3) 
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Where Pout is the energy that escapes and does not contribute towards heating the reactor 

and Ptotal is the total solar energy available. We calculate Pout as the sum of all heat loss 

contributions: 

𝑃𝑜𝑢𝑡 = 𝑃𝑟𝑒𝑓𝑙𝑒𝑐𝑡 + 𝑃𝑟𝑎𝑑 + 𝑃𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑑 (3.4) 

Where Preflect is the solar energy reflected by the selective solar absorber, Prad is the power 

radiated by the absorber, and Pconv,cond is the power lost from the photothermal reactor through 

non-radiative heat flux. Since the total solar power is the sum of the reflective and absorptive 

power from the absorber: 

𝑃𝐴𝑀1.5 = 𝑃𝑠𝑜𝑙𝑎𝑟 + 𝑃𝑟𝑒𝑓𝑙𝑒𝑐𝑡 (3.5) 

We can substitute Eq. 3.5 and Eq. 3.4 into Eq. 3.3 to find the thermal efficiency: 

𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑃𝑠𝑜𝑙𝑎𝑟 − 𝑃𝑟𝑎𝑑(𝑇) − 𝑃𝑐𝑜𝑛𝑣,𝑐𝑜𝑛𝑑(𝑄, 𝑇𝑎𝑚𝑏)

𝑃𝐴𝑀1.5

(3.6) 

Where T is the operating temperature, Tamb is the ambient temperature, and Psolar, Prad, and 

Pconv,cond are defined by Eq. 2.5, Eq. 2.6, and Eq. 2.9, respectively. We can see qualitatively 

that Eq. 3.6 represents the total solar power absorbed minus the power lost to radiative and 

non-radiative heat flux divided by the total available solar power. Using PAM1.5 = 3000 W/m2, 

Q = 1.15 W/m2/K, T = 120 °C, and Tamb = 25 °C, we calculate a thermal efficiency per unit 

area of 40.4% for the photothermal reactor. 

3.7 Summary and Conclusion 

In this chapter, we presented a multilayer solar driven photothermal reactor comprised of a 

vacuum insulating layer, a selective solar absorber, and a thermocatalytic reaction layer. The 

reactor is capable of operating using both a batch mode and flow mode setup. We presented 

in detail the thermal modeling that was performed in COMSOL Multiphysics and reported 

on the maximum achievable temperatures of our design using a gold AR coated selective 

solar absorber: 85 – 90 °C and 160 – 180 °C for 1 sun and 3 sun intensity. We also showed 
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thermal modeling results for a potential industry-scale photothermal reactor with an active 

area of 2.5 m2 capable of reaching uniform temperatures up to 120 °C and 210 °C under 1 

sun and 3 sun intensity. Experimentally, we constructed a working lab-scale photothermal 

reactor along with an insulation box. Under 1 sun and 3 sun intensity, we measured steady-

state temperatures of 55 °C and 120 °C. We showed that in the flow mode setup, the gas flow 

had little to no effect on the temperature of the reactor. Finally, we used COMSOL to 

determine that the heat flux through the insulation box was approximately 1.15 W/m2/K and 

calculated a thermal efficiency of 40.4% for the reactor. 
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C h a p t e r  4  

SOLAR DRIVEN ETHYLENE OLIGOMERIZATION 

4.1 Introduction 

As stated in Chapter 1, sustainable aviation fuel synthesis via photothermal chemistry has 

generated much widespread interest due to its necessity in the aviation, shipping, and 

transportation industries. Currently, the two main commercial types of aviation fuels are Jet 

A and Jet A-1, with Jet A used in the United States and Jet A-1 used globally. Both fuels are 

kerosene fuels processed from petroleum and composed primarily of alkanes (linear, 

branched, and cyclic) with carbon chain lengths ranging from C6 – C16.
96,97 Interestingly, jet 

fuel is defined not by its chemical composition but by its performance specifications. Its 

physical properties include a minimum flash point of 38 °C, boiling point range of 170 – 300 

°C, autoignition temperature of 210 °C, and specific energy density of 43 MJ/kg; the primary 

difference between the two fuels is their freezing points, which is -40 °C for Jet A and -47 

°C for Jet A-1.96,98–100 

Currently, a sustainable alternative for Jet A/A-1 is a synthetic fuel known as Fischer-

Tropsch Synthetic Paraffinic Kerosene (FT-SPK). This fuel is produced by first pyrolyzing 

biomass into syngas, then using the Fischer-Tropsch reaction to form liquid hydrocarbon 

fuels.101–103 The main drawback of using a solar-driven photothermal reactor for this process 

is that both the pyrolysis and Fischer-Tropsch reactions are energy intensive and usually 

require operating temperatures ranging from 150 – 300 °C, above what is commonly 

achievable with little to no sunlight concentration.102,104–108 

Due to this limitation, ethylene oligomerization has generated interest for its potential as an 

alternative pathway for synthesizing sustainable fuels. In this process, ethylene gas is 

oligomerized to form alkene chains which are hydrogenated afterwards to form alkanes.109 

The ethylene gas can be sourced from alcohol dehydrogenation of ethanol or direct 

electrochemical reduction of CO2.
110–113 The main benefit of this process is that nickel-based 



 

 

72 

catalyst driven ethylene oligomerization can be operated at temperatures as low as 50 – 

120 °C.114,115 Another benefit is that this process allows for the direct synthesis of liquid 

hydrocarbon fuels from CO2 without biomass as an intermediate product. 

In this chapter, we use the solar driven photothermal reactor with gold AR coated absorber 

reported in Chapters 2 – 3 to run two different Ni-catalyzed ethylene oligomerization 

reactions for conversion of ethylene to liquid hydrocarbon fuels under sunlight. We test a 

homogeneous Ni-catalyzed reaction in batch operation with the batch mode setup, and a 

different heterogeneous Ni-catalyzed reaction in flow operation with the flow mode setup. 

Afterwards, we report the performance of both ethylene oligomerization reactions in the 

photothermal reactor, including the product distribution and conversion efficiency.  
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Figure 4.1. Schematic showing the use of a solar driven photothermal reactor for converting ethylene to liquid 

hydrocarbon fuels using sunlight. A selective solar absorber is used to efficiently collect solar thermal energy 

in the visible wavelength regime while reducing thermal radiation loss in the infrared wavelength regime. 

4.2 Ethylene Oligomerization Reaction 

The ethylene oligomerization reaction describes the polymerization of ethylene into longer 

carbon chain alkenes: 

𝑛𝐶2𝐻4 → 𝐶2𝑛𝐻4𝑛 (4.1) 

The goal of using this reaction is to produce hydrocarbon chains with a length ranging from 

C6 – C16 which can be hydrogenated afterwards to produce alkanes for sustainable aviation 

fuels. A Ni catalyst is used to drive the reaction at temperatures which are more accessible 

by solar thermal heating.114 Results from Chapter 3 reported that our photothermal reactor 

can achieve temperatures up to 120 °C under 3 sun (3000 W/m2) intensity with the use of a 

gold AR coated selective solar absorber; thus, this is the maximum operating temperature at 

which we can run this reaction. Since our reactor can operate in both batch mode and flow 

mode, we selected two different Ni-catalyzed ethylene oligomerization reactions, one for 

each operating mode. 

4.2.1 Batch Operation: Homogeneous Ni-Catalyzed Ethylene Oligomerization 

For the batch mode setup, we selected a known homogeneous Ni-catalyzed ethylene 

oligomerization reaction.116,117 The catalyst used in this reaction was a Shell higher olefin 

process (SHOP) Ni-catalyst supported by a phosphine-enolate (P,O) ligand. To use the Ni-

SHOP catalyst, it was dissolved with Ni(COD)2 in toluene. 
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Figure 4.2. Homogeneous Ni-catalyzed ethylene oligomerization reaction.  

Initial work on this reaction tested the catalyst activity and performance at different 

temperatures, pressures, reaction times, and catalyst concentrations. Catalyst activity was 

tested in a typical thermochemical Fisher-Porter tube and products were analyzed via gas 

chromatography/mass spectrometry (GC-MS). Testing showed that the Ni-SHOP catalyst 

was active for pressures as low as 1 – 5 bar and temperatures as low as 75 °C. 

Testing at a pressure of 1 bar and temperature of 75 °C showed no olefin generation when 2 

mM of catalyst was present. However, increasing the catalyst concentration to 4 mM and 

increasing the reaction time to 11 hours showed product generation with carbon chain lengths 

ranging from C4 – C26. 
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Figure 4.3. GC-MS product analysis of Ni-SHOP catalyzed ethylene oligomerization in a Fisher-Porter tube at 

T = 75 °C, P = 1 bar, t = 11 hr, C = 4 mM, resulting in a hydrocarbon product distribution ranging from C4 – 

C26. 

Further experiments showed that increasing the pressure to 5 bar resulted in an even wider 

range of products with carbon chain lengths ranging from C4 – C34 to be synthesized, even 

when the reaction time was decreased from 11 hours to 1 hour and the catalyst concentration 

was decreased from 4 mM to 2 mM. These experiments suggest an optimal operating 

condition of P = 5 bar and T = 75 °C for the Ni-SHOP catalyzed ethylene oligomerization 

reaction.  
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Figure 4.4. GC-MS product analysis of Ni-SHOP catalyzed ethylene oligomerization in a Fisher-Porter tube at 

T = 75 °C, P = 5 bar, t = 1 hr, C = 2 mM, resulting in a hydrocarbon product distribution ranging from C4 – C34. 

For ethylene oligomerization inside the photothermal reactor, the reactor was set up in batch 

mode as described in Fig. 3.4a. A Quick Connect valve, a quarter-turn valve, and a 

thermocouple were attached to the thermocatalytic reaction layer. Due to the high sensitivity 

of the Ni-SHOP catalyst to air, the catalyst was prepared in a nitrogen glove box. For the 

catalyst preparation, Ni-SHOP catalyst (4 µmol) and Ni(COD)2 (16 µmol) was dissolved in 

7.5 mL of toluene. Before loading the catalyst into the reactor, the reactor was purged in the 

glove box transfer chamber with nitrogen at 1 atm for 24 hours. After 24 hours, the reactor 

was transferred into the glove box and the catalyst was loaded into the thermocatalytic 

reaction layer using a syringe through the quarter-turn valve. Once the catalyst was loaded, 

the quarter-turn valve was closed, and the reactor was removed from the glove box. Next, 

ethylene gas was loaded into the thermocatalytic reaction layer using the Quick Connect 

valve up to a total pressure of 50 psi (3.4 atm). As a result, the total gas loaded into the reactor 

was 1 atm nitrogen and 2.4 atm ethylene gas. Finally, the photothermal reactor was heated 

up to 75 °C and the reaction was left for 3 hours. Fig. 4.5 shows the batch operation reaction 
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parameters for the homogeneous Ni-catalyzed ethylene oligomerization reaction in the 

photothermal reactor. 

 

Figure 4.5. Batch operation homogeneous Ni-catalyzed ethylene oligomerization reaction parameters. 

The first experiment was performed under dark conditions. In other words, the thermal 

energy was provided by a furnace instead of solar illumination. For the first experiment, a 

furnace was set to 75 °C, and once the photothermal reactor was prepared as described 

previously, it was placed inside the furnace for 3 hours. After 3 hours, the reactor was taken 

out and the quarter-turn valve was opened, releasing the remaining ethylene pressure and 

stopping the reaction by deactivating the catalyst with exposure to air. Once the reactor was 

cooled to room temperature, the liquid filtrate was collected in a vial and the solid product 

was collected by filtration. Fig. 4.6 shows images of the liquid and solid product leftover 

after the reaction. 
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Figure 4.6. Images of the photothermal reactor after a batch mode ethylene oligomerization reaction. (a) Liquid 

product dissolved in methanol; (b) Solid product left over on the bottom flange; (c) Solid product left over on 

the top flange.  

The liquid filtrate was analyzed by GC-MS and proton nuclear magnetic resonance (1H 

NMR). The GC-MS results showed product generation of carbon chain lengths ranging from 

C8 – C26. The 1H NMR suggested the liquid filtrate was comprised primarily of linear 1-

alkene chains as opposed to branched or cyclic alkenes. Afterwards, both the liquid and solid 

product were filtered, dried, and massed. The liquid product yield was 230 mg, and the solid 

product yield was 66 mg. The total ethylene charged was 442 mg, so the estimated ethylene 

conversion efficiency was approximately 67%. 
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Figure 4.7. Product analysis of the liquid filtrate collected after a Ni-SHOP catalyzed ethylene oligomerization 

in the photothermal reactor under dark conditions with T = 75 °C, P = 3.4 bar. (a) GC-MS product analysis 

showing a distribution of hydrocarbon products ranging from C8 – C26; (b) 1H NMR product analysis showing 

the presence of linear 1-alkene chains in the liquid filtrate. 

A second experiment was performed using solar illumination and supplemental heat from 

heat tape. In this experiment, setup was prepared as described in the first experiment. The 

main difference was that the reactor was placed under an ABET 2000 Solar Simulator at 1 

sun intensity and wrapped in heat tape as opposed to being placed in a furnace. Also, a rough 
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pump was connected to the vacuum insulating layer and pumped down to 1 mTorr. The 

heat tape enabled the reactor to reach 75 °C in several minutes, and once the reactor was at 

75 °C, the reaction was left for 3 hours. After 3 hours, the reaction was stopped, and the 

liquid filtrate was analyzed by GC-MS. The GC-MS results showed product generation of 1-

alkenes ranging from C6 – C24, similar to the first experiment performed in the furnace. 

 

Figure 4.8. (a) Image of the experimental setup with photothermal reactor under a solar simulator with heat tape 

for supplemental heat. The Ni-SHOP catalyzed ethylene oligomerization was operated at T = 75 °C, P = 3.4 

bar; (b) Image of the liquid product dissolved in methanol; (c) GC-MS liquid product analysis showing a 

distribution of hydrocarbon products ranging from C6 – C24. 
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Lastly, a fully solar driven homogeneous Ni-catalyzed ethylene oligomerization reaction 

was performed. Once again, the photothermal reactor was prepared as described in the first 

experiment. The difference in this experiment was that the photothermal reactor was placed 

into the insulation box and set up in front of an ABET Sun 3000 Simulator under 3 sun 

intensity (see Fig. 3.12). After setup, the reactor was allowed to reach 75 °C over a period of 

approximately 3 hours. Once the reactor was at 75 °C, the reaction was left for another 3 

hours. We note here that the reactor temperature continued to rise to 100 °C over the course 

of the reaction. In other words, the reactor was left under 3 sun intensity for 6 total hours, 

with 3 hours below 75 °C and 3 hours above 75 °C. After 3 hours above 75 °C, the reaction 

was stopped, and the liquid filtrate was analyzed by GC-MS. Furthermore, GC with flame 

ionization detection (GC-FID) was used to quantify the soluble products in the C8 – C18 range 

using commercially available authentic samples. Finally, the solid product was filtered, 

dried, and massed. 

The GC-MS results once again showed product generation of 1-alkenes ranging from C6 – 

C26, replicating the previous experimental results. The GC-FID results showed that the 1-

alkene product yield peaked at C10 and steadily decreased from C10 to C18. Using the GC-

FID results, we calculated a conversion efficiency from ethylene to C8 – C18 1-alkenes of 

12.2%. Finally, the solid product yield was 27.8 mg, resulting in a total ethylene conversion 

efficiency of approximately 18.5%.  
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Figure 4.9. Results of the homogeneous Ni-catalyzed ethylene oligomerization reaction under 3 sun intensity in 

the batch mode photothermal reactor setup. (a) GC-MS liquid product analysis showing a distribution of 

hydrocarbon products ranging from C6 – C26; (b) GC-FID quantification of 1-alkene products from C8 – C18; (c) 

Temperature of the reactor over the course of the reaction.  

From the results reported in this section, we see that the homogeneous Ni-catalyzed ethylene 

oligomerization reaction can consistently produce 1-alkenes with carbon chain lengths 

ranging from C6 – C26 under 3 sun intensity. Furthermore, the generation of solid product 

suggests that even longer 1-alkene chains or branched/cross-linked hydrocarbons were 

produced in the process. The primary limitation of this reaction is the propensity for the Ni-
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SHOP catalyst to be deactivated by air; multiple experiments were aborted or resulted in 

no product generation when the photothermal reactor leaked due to improper closing. As 

such, while this catalyst can be used in a batch mode reaction with pure ethylene and 

nitrogen, it is much more difficult to incorporate in a flow mode reaction, especially if the 

reactant ethylene gas comes directly as effluent from an electrochemical cell. In other words, 

the practical usage of this catalyst requires purifying the ethylene stream before flowing into 

the photothermal reactor, increasing the complexity of the system. 

4.2.2 Flow Operation: Heterogeneous Ni-Catalyzed Ethylene Oligomerization 

For the flow mode setup, we selected a heterogeneous Ni-catalyzed ethylene oligomerization 

reaction.118 The catalyst used in this reaction was a nickel-impregnated silica-alumina 

catalyst with 4 wt. % Ni (Ni/SIRAL-30) prepared using a previously published procedure.118 

In short, the catalyst was prepared by first adding SIRAL-30 to an aqueous solution of nickel 

(II) nitrate hexahydrate and stirred for 3 hours, then dried at 80 °C overnight, then calcined 

at 550 °C in air for 5 hours with a 1 °C/min ramp rate, then sieved below 180 µm grain size. 

SIRAL-30 is a silica-alumina with an Al2O3 to SiO2 weight percent ratio of 70 to 20 from 

SASOL.  

For ethylene oligomerization inside the photothermal reactor, the reactor was set up in flow 

mode as described in Fig. 3.4b. Stainless steel tubing for continuous gas inflow/outflow was 

attached to both ends of the thermocatalytic reaction layer using 1/8-inch NPT to tube fitting 

adapters. A thermocouple was also attached to the thermocatalytic reaction layer. Before the 

reaction, the catalyst was first loaded into the center of the reactor by hand, then pretreated 

in-situ at 300 °C while flowing argon at 40 sccm using heat tape wrapped around the reactor. 

After pretreatment, the heat tape was removed and the reactor was cooled to room 

temperature, then placed into the insulation box and set up in front of an ABET Sun 3000 

Simulator under 3 sun intensity (see Fig. 3.12). Once the reactor reached a temperature of 

120 °C under solar illumination, ethylene gas was flowed at 5 sccm and the pressure was 

increased to 4 bar. Fig. 4.10 shows the flow operation reaction parameters for the 

heterogeneous Ni-catalyzed ethylene oligomerization reaction in the photothermal reactor. 
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Figure 4.10. Flow operation heterogeneous Ni-catalyzed ethylene oligomerization reaction parameters. 

Outflowing gas was sampled and quantified continuously by an Agilent GC (7890A) with 

Molsieve 5A and Hayesep columns. Products were detected using a thermal conductivity 

detector and flame ionization detector equipped with a methanizer (Jetanizer by Activated 

Research Company), and quantitative analysis was based on calibration with five different 

gas standards. Under these reaction conditions, the GC results showed primarily butene (C4) 

and hexene (C6) production with an average ethylene conversion efficiency of 25%. Butenes 

were the primary product observed with a selectivity of 90%.  

 

Figure 4.11. Results of the heterogeneous Ni-catalyzed ethylene oligomerization reaction under 3 sun intensity 

in the flow mode photothermal reactor setup. (a) Ethylene conversion efficiency over time showing an average 

of approximately 25% over a period of 3 hours; (b) Product selectivity over time showing a butene-to-hexene 

product ratio of approximately 9:1 after 3 hours. 
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From the results reported in this section, we see that the heterogeneous Ni-catalyzed 

ethylene oligomerization produces 1-alkenes with C4 – C6 carbon chain lengths under 3 sun 

intensity. Unlike the homogeneous Ni-catalyzed ethylene oligomerization, we do not observe 

any products that are longer than C6 which is a limitation of this reaction. This is somewhat 

expected due to the general concept that batch mode reactions can generate longer 

hydrocarbon chains compared to flow mode reactions because of the increased reaction time. 

However, major benefits of using this catalyst/reaction are that it is not as easily deactivated 

by air, it can be used in a flow operation for continuous product generation, and it is less 

labor intensive to set up compared to the batch mode setup.  

4.3 Summary and Conclusion 

In this chapter, we demonstrated two different Ni-catalyzed ethylene oligomerization 

reactions for the conversion of ethylene to 1-alkenes with carbon chain lengths ranging from 

C6 – C26 using our photothermal reactor and selective solar absorber. In the first reaction, we 

reported work on a homogeneous Ni-catalyzed ethylene oligomerization using a Ni-SHOP 

catalyst in batch mode to produce a wide distribution of liquid hydrocarbons. Three separate 

experiments differing primarily in heating source (furnace, heating tape and sunlight, and 

sunlight) were reported with consistent generation of products with carbon chain lengths 

ranging from C6 – C26 for all of them. 1H NMR was used to confirm 1-alkene generation, 

and GC-FID was used to quantify C8 – C18 products. In all cases, solid product leftover in 

the reactor was also observed. Under pure solar thermal energy, we reported an overall 

ethylene conversion efficiency of 18.5% (12.2% from liquid product, 6.3% from solid 

product). In the second reaction, we reported work on a heterogeneous Ni-catalyzed ethylene 

oligomerization using a Ni/SIRAL-30 catalyst in flow mode to continuously produce butenes 

and hexenes. In these experiments, we reported an ethylene conversion efficiency of 25% 

and a butene-to-hexene product selectivity of 9:1. This chapter concludes Section I: 

Generating Sustainable Fuels from Sunlight. 
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SECTION II: PASSIVE DAYTIME TERRESTRIAL RADIATIVE 

COOLING 
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C h a p t e r  5  

CHARACTERIZATION OF AL2O3 NANOPARTICLE FILMS 

DEPOSITED FROM A NONTHERMAL PLASMA 

5.1 Introduction 

As described in Chapter 1, nonthermal plasma synthesis can be used to fabricate uniform 

laminate nanoparticle films for passive daytime terrestrial radiative cooling applications. 

Before using nanoparticle films to design radiative coolers, they are first characterized using 

a collection of materials and optical characterization techniques to better understand their 

physical and optical properties. The materials characterization techniques commonly 

employed to study these nanoparticle films include transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), atomic force 

microscopy (AFM), and profilometry. The optical characterization techniques include 

ultraviolet-visible spectroscopy (UV-vis), Fourier-transform infrared spectroscopy (FT-IR), 

and visible and infrared ellipsometry. It is primarily the use of ellipsometry which allows the 

extraction of the effective complex refractive index of the nanoparticle films as a 

homogeneous bulk film. In general, especially when working in the infrared wavelength 

regime, effective medium approximations can be a fair method for understanding and 

characterizing the effective optical properties of nanoparticle films.45 Due to the nature of 

ellipsometry as an indirect measurement technique, the other characterization techniques are 

needed to inform the ellipsometry models used to characterize these films.  

In this chapter, we present work on characterizing and understanding the materials and 

optical properties of alumina nanoparticle films deposited from a nonthermal plasma. This 

chapter serves as a detailed introduction into laminate nanoparticle films from nonthermal 

plasma synthesis, using previous work done on alumina nanoparticle films as a representative 

introduction. As such, it serves to demonstrate the different characterization methods that we 

used to study laminate nanoparticle films. It reports characteristic physical and optical 
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properties which can be expected from these films. Finally, it provides an overview of the 

nonthermal plasma synthesis method used to deposit these films. 

5.1.1 Abstract 

Aluminum oxide, both in amorphous and crystalline forms, is a widely used inorganic 

ceramic material due to its chemical and structural properties. In this work, we synthesized 

amorphous aluminum oxide nanoparticles using a capacitively coupled nonthermal plasma 

utilizing trimethylaluminum and oxygen as precursors and studied their crystallization and 

phase transformation behavior through post-synthetic annealing. The use of two reactor 

geometries resulted in amorphous aluminum oxide nanoparticles with similar compositions 

but different sizes. Size tuning of these nanoparticles was achieved by varying the reactor 

pressure to produce amorphous aluminum oxide nanoparticles ranging from 6 nm to 22 nm. 

During post-synthetic annealing, amorphous nanoparticles began to crystallize at 800 °C, 

forming crystalline θ and γ phase alumina. Their phase transformation behavior was found 

to be size dependent in that small 6 nm amorphous particles transformed to form phase pure 

α-Al2O3 at 1100 °C, while large 11 nm particles remained in the θ and γ phases. This 

phenomenon is attributed to the fast rate of densification and neck formation in small 

amorphous aluminum oxide particles.  
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Figure 5.1. Amorphous aluminum oxide nanoparticles synthesized from a nonthermal plasma which crystallize 

into γ, θ, and α phase alumina post-anneal.  

5.2 Aluminum Oxide Nanoparticle Films Deposited from a Nonthermal Plasma 

Aluminum oxide (Al2O3), commonly known as alumina, is one of the most widely used 

inorganic ceramic materials due to its superior thermal, chemical, and structural properties. 

Alumina can exist in both amorphous and crystalline forms. Amorphous alumina is 

considered to be an excellent candidate for anodic materials, gate insulators in transistors, 

protective coatings, and catalysts.119–123 Various methods have been employed to synthesize 

amorphous alumina nanoparticles, which include sol-gel processing124,125, solution 

combustion126–130, precipitation131–133, ultrasonic treatment of porous anodic alumina 

membranes134, energetic pulsed laser ablation135, and tragacanth gel synthesis.136 

The structure of amorphous alumina has been studied extensively and found to be comprised 

of a network of AlO4 tetrahedra, AlO5 polyhedra, and small fractions of AlO6 octahedra.137–

142 Solid-state 27Al nuclear magnetic resonance (NMR) studies revealed that the existence of 

a significant fraction of AlO5 polyhedra, where Al3+ ions are penta-coordinated with oxygen 

ions, creates disorder and hinders the crystallization and growth of crystalline alumina 
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phases.143 Thus, high temperatures (~800 °C) are required for the transformation of 

amorphous to crystalline alumina nanoparticles.144 This process involves a structural 

rearrangement reaction converting AlO5 polyhedra into AlO4 and AlO6. 

Phase transformation of amorphous to crystalline alumina nanoparticles can greatly depend 

on several parameters such as synthetic route, heating rate, grain size, and chemical 

composition. Crystalline alumina can exist in various metastable crystalline phases (χ, η, δ, 

κ, θ, γ, ρ)145–147 and corundum or α-alumina is identified as the most thermodynamically 

stable phase in bulk form. The typical phase transformation sequence in crystalline alumina 

can be depicted as γ → δ → θ → α-Al2O3.
144 The transformation of γ-Al2O3 (density 𝜌 = 3.56 

g/cm-3) to α-Al2O3 (𝜌 = 3.98 g/cm-3) is accompanied by a volume reduction of about 10% 

and proceeds through a meta-phase of θ-Al2O3.
148 Typically, the final transformation to α-

Al2O3 requires higher annealing temperature around 1100 °C.144 With superior hardness, low 

friction, unique heat transfer properties, and excellent wear resistance, α-Al2O3 plays a 

critical role in the production of advanced ceramic materials and as a core and filler material 

for nanocomposites.149–151 γ-Al2O3 nanoparticles themselves also exhibit excellent catalytic 

properties due to their surface acidity and high surface area.152
 

In this work, we synthesized amorphous alumina nanoparticles by a nonthermal plasma 

approach and studied their crystallization and phase transformation behavior during post-

synthetic annealing. Nonthermal plasma synthesis has shown the potential to produce a 

variety of nanoparticles with high purity and narrow size distributions, and the library of 

nanoparticle materials has been expanded from group-IV semiconductors to metal oxides 

and metal sulfides.51,153–158 Furthermore, nanoparticles made by this method can be directly 

deposited into particle films with densities ranging from 20% to 60%.159,160 The as-deposited 

aluminum oxide nanoparticles are annealed at 600 – 1100 °C for the investigation of their 

phase transformation behavior.  
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5.3 Nanoparticle Synthesis 

For the synthesis of amorphous alumina (AlOx) nanoparticles via nonthermal plasma, 

trimethylaluminum (TMA) and oxygen (O2) gas were used as precursors, with argon as the 

carrier gas. We considered the following chemical equation to control appropriate flow rates: 

2 𝐴𝑙(𝐶𝐻3)3 + 12 𝑂2 → 𝐴𝑙2𝑂3 + 6 𝐶𝑂2 + 9 𝐻2𝑂 (5.1) 

Based on the stoichiometric molar ratio of TMA and oxygen (TMA:O2 = 1:6), over six times 

more oxygen than TMA should be fed for complete oxidation of TMA to Al2O3 and other 

reaction products (CO2 and H2O). We chose an excess oxygen flow rate of 6 standard cubic 

centimeters per minute (sccm) compared with a TMA flow rate of 0.2 sccm. 

 

Figure 5.2. Schematic of the two types of nonthermal plasma reactors used for AlOx nanoparticle synthesis and 

film deposition. 
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A schematic of the two types of reactors used in this work is shown in Fig. 5.2. AlOx 

nanoparticles were synthesized in a nonthermal, low pressure flow-through reactor equipped 

with a 13.56 MHz radio-frequency (RF) capacitively-coupled plasma source similar to that 

used in [153][154]. Because two precursors can spontaneously react with each other to produce 

uncontrolled products161, we injected both precursor species separately into the plasma for 

dissociation to occur in the plasma zone. There are two strategies that have been 

demonstrated before for the successful synthesis of metal oxide nanoparticles.154,155 In the 

first method, denoted as type A, O2 diluted in Ar gas was injected from the top inlet of the 

reactor and flowed through the region where RF power was applied. Meanwhile, 0.2 sccm 

of TMA vapor with 6 sccm of Ar gas were injected from a sidearm tube into the downstream 

region of the Ar/O2 plasma. In this afterglow zone, AlOx nanoparticles nucleated and grew. 

In the second method, denoted as type B, the TMA vapor diluted in Ar was injected through 

an inlet tube that extended into the main reactor chamber, while O2 gas diluted with Ar gas 

was passed through a sidearm tube and into the space around the upper injection tube. The 

ring electrodes were placed such that plasma initiated about 1 cm above the end of the top 

injection tube and the discharge extended downstream of the tube end in order to dissociate 

TMA and O2 precursors individually before they mix in the main reactor chamber. As-

synthesized AlOx nanoparticles in both configurations were collected on silicon wafers 

through a slit-shaped orifice where supersonic nanoparticle impaction produced a curtain of 

nanoparticles traveling at high speeds.159 For each type of reactor, three pressure conditions 

were studied by using three different orifice sizes (0.3, 0.4, 0.5 mm × 8 mm) while keeping 

the gas flow rates constant.  

For optical characterization, nanoparticle films were deposited by using the 0.5 mm × 8 mm 

orifice and passing a piece of Si wafer carrying a 300 nm Au film below the orifice with 240 

raster passes. The gas flow rates and upstream and downstream pressures are summarized in 

Table 5.1.  
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Table 5.1. Summary of synthesis parameters used in this study. 

 Gas 
Flow rate 

[sccm] 

Pup 

[Torr] 

Pdown 

[Torr] 

Type A 

O2 diluted in Ar (O2/Ar) 6 (O2) / 60 (Ar) 
3.8 0.42 TMA vapor with Ar 

(TMA/Ar) 
0.2 (TMA) / 6 (Ar) 

Type B 

O2 diluted in Ar 

(O2/Ar) 
6 (O2) / 60 (Ar) 

3.8 0.47 
TMA vapor with Ar 

(TMA/Ar) 
0.2 (TMA) / 6 (Ar) 

 

5.4 Nanoparticle Characterization 

X-ray diffraction (XRD) was performed with a Bruker D8 Discover 2D X-ray diffractometer 

equipped with a Co Kα radiation point source. Instrument broadening was obtained by 

measuring a standard LaB6 crystal powder sample with the same scanning parameters (Fig. 

S5.1). For XRD analysis, aluminum oxide nanoparticles were directly deposited onto Si 

wafers to form a pile of powder. The XRD patterns were converted to the wavelength of a 

Cu source (λ=1.54 Å) for data analysis.  

TEM images were taken from a Tecnai T12 microscope with an accelerating voltage of 120 

kV. Nanoparticles were either directly deposited from the gas phase or drop-cast in a 

methanol dispersion on holey carbon TEM grids for imaging.  

Fourier-transform infrared spectroscopy (FTIR) was performed with a Bruker ALPHA FT-

IR spectrometer using the attenuated total reflection (ATR) module in a nitrogen-filled 

glovebox. AlOx nanoparticles were dispersed in methanol and drop-cast onto the ATR 

crystal. Nanoparticles were allowed to dry before taking measurements.  

X-ray photoelectron spectroscopy (XPS) was performed with a PHI Versa Probe III XPS and 

UPS system. For XPS analysis, aluminum oxide nanoparticles were deposited onto Si wafers 

with 30 raster passes to form a film.  
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Nanoparticle laminate film thicknesses were measured empirically by cross-sectioning the 

nanoparticle laminate films with a Ga focused ion beam (Ga-FIB) and imaging with a 

scanning electron microscope (FEI Nova 600 NanoLab DualBeam) at a 52° tilt. The cross-

sectioning was performed in two steps: a regular cross-section (30 kV, 1 nA) approximately 

2 µm in width was cut first followed by a cleaning cross-section (30 kV, 30 pA). The 

thickness of the cross-sections were measured with ImageJ with a correction factor of 

1/cos(38°) in the y-axis to account for the tilt.  

To analyze the film optical properties, the first four columns of the angle- and wavelength-

resolved Mueller matrix were measured in reflection mode. Mueller matrix measurements 

were performed using an IR-VASE Mark II ellipsometer with an AutoRetarder from the J.A. 

Woollam Company. The configuration was polarizer-sample-compensator-analyzer 

(PSCA). The measurement spectral range extended from 250 to 5000 cm-1 with a resolution 

of 7.7 cm-1. The angular range was 40 to 70 degrees from the surface normal, with an angular 

resolution of 5 degrees. Data was averaged over 400 measurements - five days of continuous 

measurement per sample under ambient conditions. Once the samples were measured, an 

oscillator model of the film permittivity was constructed using the software WVASE32 from 

J.A. Woollam. Model parameters such as film thickness and particle fill fraction were 

initialized based on the empirical measurement averages and constrained by three times the 

measurement standard deviations. Initial values for the particle oscillator model were taken 

from literature. All model parameters were simultaneously fitted using the full angle and 

wavelength-resolved Mueller matrix data. 
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5.5 Synthesis of Amorphous Alumina Nanoparticles 

 

Figure 5.3. Characterization of AlOx nanoparticles synthesized from two types of reactors at p=3.8 Torr: (a) θ–

2θ mode out-of-plane XRD patterns of the as-synthesized AlOx nanoparticles from type A and type B reactors; 

(b) XPS survey scan of AlOx nanoparticles from type A and type B reactors. (c) Typical FTIR spectra of AlOx 

samples from type A and type B reactors, with major absorption peaks featuring Al−O, −COO-, −CH3, and 

−OH.  

Amorphous alumina (AlOx) nanoparticles were synthesized using the two reactor geometries 

shown in Fig. 5.2. Fig. 5.3a shows the XRD spectra of as-synthesized AlOx nanoparticle 

samples from both type A and B reactors at p = 3.8 Torr. The absence of definitive peaks in 

XRD suggests that as-synthesized AlOx nanoparticles are amorphous. As shown in a 

previous study, amorphous alumina nanoparticles are thermodynamically more stable with 

the lowest surface energy compared to θ- and α phase polymorphs at large surface areas.162 

XPS and FTIR measurements were performed to evaluate the surface and atomic 

composition of AlOx nanoparticles from both reactor configurations (Fig. 5.3b and 5.3c). 

For both samples, XPS survey shows main peaks corresponding to O 1s, C 1s, and Al 2p at 

530, 284, and 73 eV respectively, which confirms the elemental composition in AlOx 

nanoparticles. Carbon incorporation (5 – 10 at%) is commonly observed when TMA is used 

as the aluminum source due to strong Al−C bonds.163–165 The carbon content can be partly 

due to contamination in air, as samples are shortly exposed to air during the transfer, but can 

also originate from the methyl groups in TMA. Atomic percentage ratios of Al to O are 

around 1:3 for both A and B type reactor samples, with carbon percentages around 10%–
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15%. The atomic ratios are in general not affected by the plasma power used for synthesis 

(Fig. S5.2). The high-resolution XPS spectra were analyzed to gain some insight into the 

composition of both types of AlOx nanoparticle samples (Fig. S5.3). The binding energy of 

Al 2p peak at ∼74.6 eV corresponds to Al−O bonding in alumina.166,167 The O 1s peak at 

∼531.5 eV can be resolved into two individual peaks representing O2– and OH–.167–169 FTIR 

spectra for samples from both reactor types reveal absorption bands related to hydroxyl 

(−OH), alkyl (C−H), (C−O), and aluminum species (Al−O and Al−O−Al). The peak around 

~670 cm-1 and the shoulder which is located around ~860 cm-1 correspond to the Al–O 

stretching vibrations in five-fold coordinated AlO5 and four-fold coordinated AlO4, 

respectively. Features from AlO6 stretching vibrations could also be present, which 

according to the literature lie in the 400–650 cm-1 spectral range and overlap with Al–O 

stretching vibrations and oscillations in AlO4 and AlO5.
163,170,171 

The average sizes of the AlOx nanoparticles were determined using TEM. At p = 3.8 Torr, 

the average sizes of AlOx nanoparticles from type A and type B reactors are 11 ± 3 nm and 

6 ± 1 nm, respectively. Size tuning of AlOx nanoparticles can be achieved by varying the 

reactor pressure which changes the particle residence time in the plasma. TEM images of as-

synthesized AlOx nanoparticles from type A and B reactors under three sets of reactor 

pressures are shown in Fig. 5.4. At each pressure, the type B reactor produces smaller 

particles than the type A reactor. For both reactor configurations, the mean particle size 

increases with increasing pressure. At 3.8 and 5.2 Torr, AlOx nanoparticles from both reactors 

are aggregated but nearly spherical in shape and have relatively narrow size distributions 

(Fig. S5.4). At the relatively high pressure of 7.5 Torr, AlOx nanoparticles exhibit a bimodal 

size distribution with both small and large irregular nanoparticles present. 



 

 

97 

 

Figure 5.4. TEM images of AlOx nanoparticles synthesized from type A and type B reactors at pressures of 3.8 

Torr, 5.2 Torr and 7.5 Torr with mean sizes and standard deviations. 

We estimated the process yield of each type of reactor setup by measuring the weight of the 

AlOx nanoparticle powders collected at p = 3.8 Torr for 10 minutes. With a fixed substrate 

position, samples collected from both types of reactor setups were piles of white powders 

(Fig. S5.5). The sample weights from type A and B reactor are 3.2 mg and 7.0 mg, 

respectively, which corresponds to yields of 19.2 mg/hour and 42.0 mg/hour. The current 

production rates are limited by the TMA and oxygen flow rates due to safety considerations.  
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Figure 5.5. Cross-sectional SEM images of AlOx nanoparticle laminate films synthesized from type A and type 

B reactors. A correction factor of 1/cos(38°) is applied in the y-axis to account for the tilt of the setup with 

respect to the SEM Everhart-Thornley Detector (ETD). 

We deposited AlOx nanoparticle films by rastering the substrate beneath the orifice to study 

the optical properties of AlOx nanoparticles. The films were deposited with 240 raster passes 

and examined by SEM and Mueller matrix measurements. The thickness of the AlOx 
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nanoparticle laminate films was measured to be 7.1 ± 1.1 µm for the type A and 9.1± 0.9 

µm for the type B reactor films. Characteristic cross-sectional SEM images of the 

nanoparticle laminate films are shown in Fig. 5.5.  

 

Figure 5.6. Real and imaginary parts of the complex AlOx nanoparticle films permittivity found in the type A 

reactor (a,b) and type B reactor (c,d), respectively.  

Mueller matrix measurements, which allow for characterization of anisotropic-depolarizing 

samples, including cross-polarization, were performed to extract the effective (homogenized) 

complex permittivity of the type A and B reactor particle films as well as the complex 

permittivity of the corresponding AlOx nanoparticles. In both type A and B films, no 

polarization conversion from p-polarized to s-polarized or vice versa was present. The 

Mueller matrix data showed only noise for elements mm13, mm31, mm22, mm23, mm32, mm41, 
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and mm42. Furthermore, mm12 = mm21. This block diagonal structure of the Mueller 

matrix indicates that the samples can be treated as macroscopically isotropic.172–174 

Therefore, the film effective permittivity can be represented by a wavelength dependent 

scalar. The nanoparticle films were best homogenized using the Bruggeman mixing formula, 

which has been shown to consistently produce an effective permittivity to accurately model 

nanoparticle films, including anisotropic-depolarizing effects.175–180 Maxwell-Garnett and 

linear mixing formulas were also explored, but less accurately modeled the measured data. 

The permittivity of the individual nanoparticles was modeled using Gaussian oscillators, to 

represent amorphous phonon resonances, while satisfying the Kramers-Kronig relations. For 

type A, a sample thickness of 7.75 µm and a particle fill fraction of 22.3% and, for type B, 

and a thickness of 9.23 µm and fill fraction of 19.4% provided the best fit to the optical 

interference patterns in a nearly lossless region of the amorphous alumina film between 4000 

– 6250 cm-1. Further detail about Bruggeman homogenization and the corresponding 

Gaussian oscillator model, including tables for the oscillator parameters, can be found in 

Section 5.8. Fig. 5.6 shows the reconstructed imaginary part of the particle permittivity. 

Strong oscillators in the 300–700 cm-1 spectral range correspond to AlO4, AlO5 and AlO6 

stretching vibrational modes. These values corroborate our results from FTIR as well as 

literature.163,170,171,178 Similar to our findings from XPS and FTIR, the reconstructed 

permittivity shows that the particles from both types of reactors have similar chemical 

composition. The depolarization constant for type A and B reactor films was 0.261 ± 0.005 

and 0.407 ± 0.006, respectively. This indicates predominantly scattering of spherical like 

inclusions post deposition. All of the above characterizations reveal that particles from type 

A and type B reactors have similar compositions but different sizes. 

5.6 Crystallization Behavior of Amorphous Alumina Nanoparticles 

In a nonthermal plasma, crystallization of nanoparticles can occur through the recombination 

of electrons and ions on the nanoparticle surfaces.181,182 Here, the as-produced AlOx 

nanoparticles have amorphous structures, indicating that particle heating from the 

nonthermal plasma is not sufficient to induce crystallization. Post-synthetic annealing of 
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amorphous alumina nanoparticles was explored to induce crystallization and subsequent 

phase transformation of crystalline alumina nanoparticles. 

 

Figure 5.7. XRD patterns of the post-synthesis annealed AlOx nanoparticles from (a) type A and (b) type B 

reactors, with annealing temperature ranging from 400 °C to 1000 °C and annealing times of 18 h.  

To study the crystallization and phase transformation behavior of amorphous AlOx 

nanoparticles, a pile of AlOx nanoparticles was collected and annealed in a Thermo Scientific 

Lindberg Blue furnace at temperatures of 400–1100 °C in the atmosphere. The typical 

temperature ramp rate was ∼50 °C/min. Since the properties of small AlOx nanoparticles are 

of primary interest, we explored the crystallization behavior of samples synthesized at 3.8 

Torr from type A and B reactors, respectively. Phase transformation of amorphous alumina 

typically proceeds through the amorphous-to-γ and γ-to-α phase transitions183,184, or with an 

additional transition to the θ-phase between the transformation from the γ- to α- phase185, 

before reaching the thermodynamically stable α-phase. Our observations reveal that AlOx 

nanoparticles from both types of reactors begin to crystallize at 800 °C producing a mixture 

of θ- and γ-phases, as shown in Fig. 5.7a and 5.7b. The crystallization temperature is 

consistent with that from the literature.127,162 
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Figure 5.8. XRD patterns of the post-heated AlOx nanoparticles from (a) type A and (b) type B. Both samples 

were annealed at 1100 °C for 18 h. The bottom columns in both graphs show the reference profile of γ-, θ-, and 

α-phase aluminum oxides. 

As the annealing temperature increased up to 1100 °C, we observed that AlOx nanoparticles 

from type A and B reactors form different crystalline phases (Fig. 5.8). The larger AlOx 

nanoparticles from the type A reactor form a mixture of θ- and γ-phase at 1100 °C whereas 

the smaller AlOx nanoparticles from the type B reactor form a mixture of θ- and α-phases. 

Time of post-synthetic annealing also affects phase transformation of the type B AlOx 

nanoparticles. When the annealing time increased up to 40 h, type B AlOx nanoparticles form 

phase pure α-Al2O3 nanocrystals (Fig. 5.9).  
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Figure 5.9. (a) XRD pattern of type B AlOx nanoparticles heated at 1100 °C for 18 h and 40h; TEM images of 

(b) AlOx nanoparticles annealed at 1100 °C for 18 h and (c) AlOx nanoparticles annealed at 1100 °C for 40 h. 

This transformation is also accompanied with a significant crystal growth. Mean crystallite 

sizes of crystalline alumina particles after 18 h annealing were estimated using Scherrer 

fittings. 18 h annealing of ~6 nm AlOx nanoparticles at 1100 °C resulted in a mixture of ~30 

nm θ-Al2O3 and >100 nm α-Al2O3 particles (Fig. S5.6). Phase pure α-Al2O3 particles 

obtained after 40 h are also estimated to be larger than 100 nm. The crystalline sizes are also 

confirmed by TEM images (Fig. 5.9b and 5.9c). It is interesting to observe that the larger 

AlOx nanoparticles from the type A reactor never form α-Al2O3 phase even with longer 

annealing times. 

As AlOx nanoparticles from both types of reactors have similar composition, we postulated 

that the difference in their phase transformation behavior is likely due to their different as-

synthesized particle sizes. To test this assumption, we investigated the phase transformation 

behavior of the large AlOx particles with mean sizes around 11 and 15 nm synthesized in the 

type B reactor with higher reactor pressures. XRD patterns taken after 18 h of annealing time 

reveal that smaller ~6 nm AlOx nanoparticles form α-phase Al2O3 along with θ-Al2O3, while 
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larger ~11 and ~15 nm AlOx nanoparticles only forms θ-Al2O3 and do not exhibit any α-

phase features (Fig. S5.7). These observations support our assumption that smaller size AlOx 

nanoparticles have a higher tendency to transform to α-phase after annealing.  

It has been pointed out that necking and densification of particles starts to occur when 

annealing amorphous AlOx nanoparticles, forming nanoporous structures before 

crystallization.162,186,187 It is likely that during the annealing, the rate of densification and neck 

formation is faster in smaller particles compared to larger particles, as the neck growth is 

dominated by mass transport and is thus enhanced in smaller size particles.188 The fact that 

densification can be promoted by decrease of particle sizes has also been observed in other 

nanoparticle systems.189 After neck growth, the big, interconnected structures tend to 

transform to α-phase Al2O3 as temperature further increases, as it is the thermodynamically 

stable phase for bulk Al2O3. 

5.7 Summary and Conclusion 

Amorphous alumina nanoparticles with average sizes ranging from 6 nm to 22 nm were 

successfully synthesized using a nonthermal plasma approach with two different reactor 

geometries with typical yields of 19 mg/hour and 42 mg/hour, respectively. Infrared Mueller 

matrix measurements indicated the optical properties of the nanoparticle film could be 

modeled by a homogenized effective refractive index. The homogenized refractive index of 

the particle film was shown to be accurately represented using the Bruggeman effective 

medium model. Based on this model, particle fill fractions were estimated to be around 20% 

for both type A and type B reactors. Furthermore, the refractive index of the amorphous 

alumina nanoparticles was modeled using Gaussian oscillators, showing clear AlO4, AlO5, 

AlO6, and Al−OH spectral peaks, matching reports in literature. Post-thermal annealing of 

both AlOx particles led to crystallization, forming a mixture of θ- and γ phases at 800 °C. 

While small AlOx nanoparticles with average diameters of ~ 6 nm were transformed into 

phase pure α-Al2O3 upon annealing at 1100 °C, larger AlOx nanoparticles never formed α-

Al2O3. 
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5.8 Supplemental Information  

 

Figure S5.1. XRD pattern from a standard LaB6 sample taken using a Bruker D8 Discover 2D X-ray 

diffractometer. This pattern is used as a reference to correct for instrument broadening. 

 

Figure S5.2. Atomic concentration in samples from type B reactor obtained by XPS with power varying from 

5 W to 40 W. 
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Figure S5.3. XPS high resolution spectra of Al 2p peak, O 1s peak and C 1s peak for AlOx nanoparticle samples 

from type A and type B reactors. The peak corresponding to adventitious carbon is shifted to 284.8 eV as a 

reference. 
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Figure S5.4. Size distributions corresponding to the TEM images in Fig. 5.4a-f. 

 

Figure S5.5. Photograph showing AlOx nanoparticles deposited from type A and type B reactors for same period 

of time. 
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Figure S5.6. Scherrer fittings of XRD patterns (λ = 1.54 Å) of AlOx nanoparticles from type B reactor after 

heating at 1100 ˚C for 18 h and for 40 h. To obtain size estimates for the 𝛼-phase and 𝜃-phase individually, we 

choose non-overlapping peaks from the two phases. For the 𝛼-phase, (113) peaks were fitted. For 𝜃-phase, 

peaks around 30-34˚ and 44-50˚ were fitted. Instrumental broadening was accounted for by subtracting the 

FWHM of the nearest peak of the LaB6 standard sample, Fig. S5.1. In the Scherrer equation, a shape factor of 

0.89 was used. As the widths of 𝛼-phase peaks are close to those of the LaB6 standard sample indicating large 

crystallite sizes, a rough size estimate of >100 nm is quoted in the main text. 
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Figure S5.7. XRD patterns of samples from type B reactor for three nanoparticle sizes, obtained by varying the 

gas pressure, after annealing at 1100˚C for 18 hours. Only the smallest particles with about 6 nm size show the 

appearance of the 𝛼-phase. 

Permittivity Modeling of Amorphous Aluminum Oxide Nanoparticle Films  

The film’s homogenized permittivity (εeff) can be represented by a wavelength dependent 

scalar. We model (εeff) using the Bruggeman mixing formula: 

𝑓𝐴𝑙𝑂𝑥
 

𝜀𝐴𝑙𝑂𝑥
− 𝜀𝑒𝑓𝑓

𝜀𝑒𝑓𝑓 + 𝑘(𝜀𝐴𝑙𝑂𝑥 − 𝜀𝑒𝑓𝑓)
+ (1 − 𝑓𝐴𝑙𝑂𝑥

)
𝜀𝑎𝑖𝑟 − 𝜀𝑒𝑓𝑓

𝜀𝑒𝑓𝑓 + 𝑘(𝜀𝑎𝑖𝑟 − 𝜀𝑒𝑓𝑓)
= 0 (𝑆5.1) 

Where εAlOx and εair are the permittivity of the nanoparticles and air, respectively; fAlOx (22.3 

± 0.33% for type A and 19.4 ± 0.11% for type B) volume fill fraction of the AlOx 

nanoparticles; and k (0.261 ± 0.005 for type A and 0.407 ± 0.006 for type B) is the 

depolarizing factor 1. εAlOx is modeled as: 

𝜀𝐴𝑙𝑂𝑥
(𝐸)

𝜀𝑜
= 𝜀∞ + 𝜀𝑝𝑜𝑙𝑒1 + 𝜀𝑝𝑜𝑙𝑒2 + ∑ 𝜀𝐺𝑎𝑢𝑠𝑠𝑛

(𝐸)

11

𝑛=1

(𝑆5.2) 
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Where ε0 is the permittivity of free space and ε∞ (3.09 ± 0.01 for type A and 2.97 ± 0.02 

for type B) is the infinite frequency permittivity. The complex part of the Gaussian 

oscillators: 

(𝜀𝐺𝑎𝑢𝑠𝑠𝑛
= 𝜀1𝑛(𝐸) + 𝑖𝜀2𝑛(𝐸)) (𝑆5.3) 

 are given by: 

𝜀2𝑛(𝐸) = 𝐴𝑛𝑒
−(

𝐸−𝐸𝑛
𝜎𝑛

)
2

− 𝐴𝑛𝑒
−(

𝐸+𝐸𝑛
𝜎𝑛

)
2

, 𝜎𝑛 =
𝐵𝑟𝑛

2√ln(2)
, (𝑆5.4)

where Brn is the full-width at half-maximum, which accounts for spectral broadening. The 

real part of the permittivity is given by the Kramers-Kronig relation: 

𝜀1𝑛(𝐸) =
2

𝜋
𝑃 ∫

𝜉𝜀2𝑛(𝜉)

𝜉2 − 𝐸2
𝑑𝜉

∞

0

, (𝑆5.5) 

where P is the principle value. Table S1 and Table S2 give the fit parameters of the Gaussian 

oscillators for the amorphous Al2O3 nanoparticle films from type A and type B reactors, 

respectively.  

Table S5.1. Gaussian oscillator parameters used to reconstruct the permittivity of 

nanoparticles from type A reactor. Phonon resonance type (first column), amplitude (second 

column), spectral broadening (third column) and resonant frequency (fourth column) of the 

Gaussian oscillators used to calculate the AlOx particle permittivity from Mueller matrix 

data. The fifth column gives the resonant frequency range expected from previous literature 

reports. Citations for the expected frequency range are in the sixth column. 
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Type A Gaussian Oscillator Fit      Literature Values 

Vibration Amplitude Broadening 

[cm-1] 

Frequency 

[cm-1] 

Frequency 

[cm-1] 

Ref. 

AlO6, AlO4 

Deformations 

1.0340 83.221 344.27 322−326 

 

163,171 

AlO6 

stretching 

4.6977 408.32 475.78 482−491 171 

AlO4 

stretching 

0.3357 107.70 851.46 902−880 170,171,178 

Al−OH 

sym/asym 

0.6933 341.47 1027.5 1072−1160  171,190 

H2O 

deformations/

vibrations 

0.22815 92.908 1410.6  1375 171 

H−O−H bend 0.31668 159.19 1535.8 1600 178 

−COO- 0.0783 74.000 1655.8 1300−1850 163 

 0.05905 1700.8 2355.7    

Al−OH 

stretching 

0.19133 618.98 3207.7 3250−3600 163,178 

O−H 

stretching 

0.20091 278.01 3429.0  3400-3600 163,171,190 

Al−OH 

stretching 

0.0719 162.00 3523.7 3250−3600 163,178 
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Table S5.2. Gaussian oscillator parameters used to reconstruct the permittivity of 

nanoparticles from type B reactor. Phonon resonance type (first column), amplitude (second 

column), spectral broadening (third column) and resonant frequency (fourth column) of the 

Gaussian oscillators used to calculate the AlOx particle permittivity from Mueller matrix 

data. The fifth column gives the resonant frequency range expected from previous literature 

reports. Citations for the expected frequency range are in the sixth column. 
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Type B Gaussian Oscillator Fit Literature Values 

Vibration Amplitude Broadening 

[cm-1] 

Frequency 

[cm-1] 

Frequency 

[cm-1] 

Ref. 

AlO6, AlO4 

Deformations 

2.5049 109.52 318.72 322−326 

 

163,171 

AlO6 stretching 4.0194 320.53 531.22 482−491 171 

AlO4 stretching 0.4802 100.47 837.05 902−880 170,171,178 

Al−OH sym/asym 0.78315 397.17 966.53 1072−1160  171,190 

H2O 

deformations/vibrat

ions 

0.26118 98.502 1403.0  1375 171 

H−O−H bend 0.37889 140.14 1520.6 1600 178 

−COO- 0.0780 74.000 1635.8 1300−1850 163 

 0.0759 1883.7 2237.9    

Al−OH stretching 0.1738 559.78 3129.3 3250−3600 163,178 

O−H stretching 0.3324 304.69 3406.2  3400-3600 163,171,190 

Al−OH stretching 0.1019 162.53 3607.7 3250−3600 163,178 
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C h a p t e r  6  

DESIGN OF DAYTIME RADIATIVE COOLING STRUCTURES WITH 

SI3N4 AND SIO2 NANOPARTICLE FILMS 

6.1 Introduction 

In Chapter 5, laminate nanoparticle films and nonthermal plasma synthesis were introduced 

using previous work on alumina nanoparticle films. While the previous chapter focused on 

alumina nanoparticles, nonthermal plasma synthesis can also be used to deposit nanoparticle 

films from materials such as silica and silicon nitride.50,52 Consequently, the use of 

nanoparticle films with different materials can be naturally extended towards radiative 

cooling applications, as suggested in Chapter 1 which proposed laminate nanoparticle films 

as a photonic design for passive terrestrial radiative coolers. 

In this chapter, we present work on the design of efficient passive terrestrial daytime radiative 

coolers using silica and silicon nitride laminate nanoparticle films. We introduce the 

principles for designing terrestrial daytime radiative coolers and use a generalized effective 

medium theory to design two-layer nanoparticle structures comprised of silica and silicon 

nitride. We report their expected cooling performance, and we compare their performance 

with the performances of other radiative cooling structures report in literature using a 

standardized method. 

6.1.1 Abstract 

Research on radiative cooling has attracted recent widespread interest owing to the 

potential for low-cost passive structures to enable large-scale thermal energy management. 

Using a generalized effective medium theory, we theoretically show that two-layer films 

comprised of SiO2 and Si3N4 nanoparticle layers on an Ag back reflector exhibit superior 

radiative cooling compared to single-layer or two-layer dense solid films and can 

outperform other reported designs. The performance enhancement is a result of the ability 
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to tune the nanoparticle fill fraction, which improves the spectral match between 

emissivity of this structure and the atmospheric transmission window. We also propose a 

standardized method for comparing the performance of radiative cooling structures 

reported by the research community. 

6.2 Laminate Nanoparticle Films for Daytime Terrestrial Radiative Cooling 

Approximately forty percent of the world population lives in consistently hot regions, many 

of which have homes lacking air conditioning.191–193 Rising standards of living and growing 

demand for improved public health and comfortable living conditions is projected to lead 

to a 450% increase in air conditioning from 2010 to 2050 worldwide, representing one of 

the largest contributors to worldwide energy consumption.194–196 Furthermore, current air 

conditioning systems account for almost 700 million metric tons of CO2-equivalent 

emissions per year.192 Seventy-four percent of these emissions are from electricity 

generation and approximately nineteen percent from refrigerant based 

hydrochlorofluorocarbons (HCFCs) which have a disproportionately large global warming 

impact relative to their mass.192 These predictions highlight the importance of developing 

improved sustainable and environmentally friendly cooling technologies. Furthermore, a 

low cost and easily implemented passive cooling technology can promote early adoption 

in developing countries, reduce overall energy use, and lower greenhouse gas emissions. 

Cooling by radiative heat transfer from a terrestrial ambient to the cold ambient of space is 

a passive, sustainable solid-state technique to provide cooling without the need for external 

power or additional operating costs. Photonic structures which are both highly reflective in 

the solar spectrum (below 2.5 μm) and highly emissive in the infrared atmospheric 

transmission window (8 – 14 μm) can suppress solar heating and remove heat through 

infrared (IR) radiation to cool throughout the diurnal cycle. Radiative cooling structures 

are particularly applicable in regions with low humidity, where the atmosphere is most 

transparent, such as Mexico, northern and southern Africa, the Middle East, Australia, 

India, parts of North and South America, and areas of northern Asia.192,197 The primary 

requirement of a radiative cooler is to provide enough cooling power at a specified 
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temperature to more than offset its own parasitic heating, thus providing net cooling, 

and is constrained by the limited bandwidth of the infrared atmospheric transmission 

window and stringent reflectivity requirements in the solar spectrum. Recent designs for 

daytime radiative cooling structures to improve cooling performance include structures 

with glass nanoparticles embedded into a polymer film, layered thin films on back 

reflectors, and complex lithographically patterned structures such as many-layered 

nanoarrays.198–209 Other passive cooling techniques – such as earth to air heat exchangers, 

evaporative coolers, and nocturnal convective coolers – focus on removing heat through a 

heat sink (ground, water, or air respectively), but suffer from high initial costs, continual 

operating costs, and/or external power requirements.210,211 

Films composed of Rayleigh scattering nanoparticles can provide simple photonic designs 

for improving daytime cooling performance and are amenable to scalable 

manufacturing.50,51 By tuning the nanoparticle fill fraction, air-material composites of this 

type can provide broadband impedance matching to free space and the ability to spectrally 

tune absorption resonances by changing the local (Lorentz) field.46,179,212 Conversely, 

layered structures synthesized by thin film deposition can enable improved impedance 

matching to free space and resonance shifts through either graded index stacks, periodic 

layered structures, or intricate patterning.213–216 For graded index and periodic structures, 

impedance matching is limited by the minimum practically achievable refractive index in 

the low index layers and the number of layers in the stack.213 Furthermore, graded index 

and periodic layered structures are constrained by the limited portfolio of materials that can 

be used to achieve the stringent broadband reflection and emission requirements of a 

daytime radiative cooler.40 Use of patterned subwavelength-scale resonant or wavelength-

scale diffractive photonic structures represents another approach to tune photonic 

properties but is limited by fabrication complexity for large-area low-cost structures.40 In 

this paper, we theoretically show that nanoparticle films can circumvent the impedance 

matching and materials limits which constrain layered structures. Two-layer nanoparticle 

films can achieve radiative cooling performance comparable to or greater than others 

reported to date, based solely on tuning nanoparticle fill fraction and film thickness. 
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Using a generalized effective medium theory, we show that simple two-layer 

nanoparticle films composed of separate layers of SiO2 and Si3N4 particles on a silver back 

reflector can outperform all dense solid laminate thin films and provide a cooling 

performance superior to those reported previously.198–202 Using consistent solar, 

atmospheric, convective/conductive, and ambient temperature conditions across 

comparisons, we find that the radiative cooling performance of two-layer nanoparticle film 

designs exceeds many reports of radiative cooling designs in literature by up to 20 W/m2 

and 25 W/m2 at operating temperatures of 290 K and 280 K respectively. Furthermore, 

optimized two-layer nanoparticle film designs have higher cooling power than optimized 

dense solid laminate thin films, regardless of which structure or composition is chosen. 

These results support the idea that random nanoparticle laminate films could provide a 

feasible alternative to dense solid thin film or patterned designs, provided scalable 

synthesis techniques can be identified. In this regard, plasma synthesis or ball milling could 

be considered as possible scalable deposition methods.50,217 

6.3 Principles of Daytime Terrestrial Radiative Cooling 

Radiative cooling structures are designed to selectively emit radiation within the 

atmospheric transmission window, reflect the solar spectrum, and minimize conductive or 

convective heating losses. Formally this is expressed as a power balance:  

𝑃𝑛𝑒𝑡 = 𝑃𝑟 − 𝑃𝑎 − 𝑃𝑠𝑢𝑛 − 𝑃𝑜𝑡ℎ𝑒𝑟 (6.1) 

where 𝑃𝑛𝑒𝑡 is the net power leaving the structure, 𝑃𝑟 is the thermal power the structure 

emits, 𝑃𝑎 is the thermal power emitted from the atmosphere that is absorbed by the radiative 

cooler, 𝑃𝑠𝑢𝑛 is the solar power absorbed by the radiative cooler, and 𝑃𝑜𝑡ℎ𝑒𝑟 accounts for 

heating due to conduction or convection. To cool below room temperature, the structure 

must reflect the solar spectrum to prevent heat buildup and emit within the atmospheric 

transmission window to radiate its heat into outer space. The cooling power of a radiative 

cooler is defined by the amount of thermal radiation it emits per unit time and can be 

expressed as: 
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𝑃𝑟(𝑇) = 2𝜋𝐴 ∫ ∫ 𝐼𝐵(𝜆, 𝑇𝑟)𝑒𝑟(𝜆, 𝜃)

∞

0

sin 𝜃 cos 𝜃 𝑑𝜆𝑑𝜃

𝜋
2

0

(6.2) 

where 𝐴 is the structure area, er is the emissivity of the radiative cooler and IB is the 

blackbody spectral radiance of the radiative cooler: 

𝐼𝐵(𝜆, 𝑇) =
2ℎ𝑐2

𝜆5

1

𝑒
ℎ𝑐

𝜆𝑘𝐵𝑇 − 1

, (6.3) 

where Tr is the structure’s temperature and 𝜆 is the emission wavelength. 

Under thermodynamic equilibrium, emissivity and absorptivity can be interchanged based 

on Kirchhoff’s law of radiation. Heating of the structure by absorbed atmospheric radiation 

is expressed as: 

𝑃𝑎(𝑇) = 2𝜋𝐴 ∫ ∫ 𝐼𝐵(𝜆, 𝑇𝑎)𝑒𝑟(𝜆, 𝜃)𝑒𝑎(𝜆, 𝜃, 𝛼)

∞

0

sin 𝜃 cos 𝜃 𝑑𝜆𝑑𝜃

𝜋
2

0

(6.4) 

where ea is the emissivity of the atmosphere, IB(𝜆, 𝑇𝑎) is the blackbody spectral radiance 

of the atmosphere at ambient temperature Ta, and α is a variable encapsulating the 

conditions relating to the composition of the atmosphere.218 The power absorption from 

direct solar radiation can be expressed as: 

𝑃𝑠𝑢𝑛 = 𝐴 ∫ 𝐼𝑠𝑜𝑙𝑎𝑟𝑒𝑟𝑑𝜆

∞

0

(6.5) 

where Isolar is the AM1.5 solar spectrum. Finally, heating due to conduction and convection 

can be collectively expressed as: 

𝑃𝑜𝑡ℎ𝑒𝑟 = 𝑞𝐴(𝑇𝑎 − 𝑇𝑟) (6.6) 
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where Ta is the ambient temperature, Tr is the temperature of the radiative cooler, and 

q is the non-radiative heat coefficient from conductive and convective heat transfer through 

the air and surfaces in contact with the radiative cooler.  

Eq. 6.1–6.6 outline three important facts for radiative cooling structure design. First, the 

criterion for an optimal cooling structure should be defined by its cooling power at a given 

operating temperature. This is because as the structure cools below the ambient 

temperature, the optimal spectral window to achieve maximum cooling power becomes a 

subset of the atmospheric window. Second, the performance limit for a cooling structure is 

fundamentally limited by the atmospheric emission spectrum. Third, to achieve net cooling 

performance, solar absorption and other forms of parasitic heating must be below a critical 

threshold. 

6.4 Defining an Optimal Radiative Cooler 

There are three important factors to consider when designing a daytime radiative cooling 

structure, which can be inferred from Eq. 6.1–6.6. First, the criterion for defining an 

optimal radiative cooling structure should be to maximize the structure’s net cooling power 

at a desired target operating temperature, called the “optimization temperature”. Second, 

the performance of a radiative cooling structure is fundamentally limited by the 

atmospheric emission spectrum. As such, the atmospheric emission spectrum of the target 

operating environment needs to be carefully considered. Third, to achieve cooling below 

ambient temperature, solar absorption and other forms of parasitic heating must be kept 

below a critical threshold. 

We can define the theoretical spectral emission of an optimal radiative cooling structure as 

𝑒𝑟(𝜆, 𝑇𝑟 , 𝑇𝑎, θ, α) = {
1, 𝐼𝐵(𝜆, 𝑇𝑟) > 𝐼𝐵(𝜆, 𝑇𝑎)𝑒𝑎(𝜆, 𝜃, 𝛼)
0, 𝑒𝑙𝑠𝑒

(6.7) 

where er is the emissivity of the structure, ea is the emissivity of the atmosphere, λ is the 

free space wavelength, Tr is the structure’s temperature, Ta is the ambient temperature, θ is 
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the angle of emission, and α is a variable encapsulating the conditions relating to the 

composition of the atmosphere.218 IB is defined as the blackbody spectral radiance 

𝐼𝐵 =
2ℎ𝑐2

𝜆5

1

𝑒
ℎ𝑐

𝜆𝑘𝐵𝑇 − 1

(6.8) 

where h is Plank’s constant, kB is the Boltzmann constant, and c is the speed of light. Eq. 

6.7 shows that the theoretical optimal cooling performance is a function of the temperature 

of the radiative cooling structure, ambient temperature, emission angle, and atmospheric 

composition. 

In regard to choosing the appropriate atmospheric emission spectrum, Fig. 6.1a shows the 

atmospheric transmission windows from the Gemini Observatory (low humidity level) and 

from the 1976 United States Standard (average humidity level).43 The spectra at the Gemini 

Observatory represents near ideal conditions where a radiative cooler with high emissivity 

in both the first (8 – 14 µm) and second (16 – 24 µm) atmospheric transmission windows 

could achieve the highest possible cooling power. However, it is shown in Fig. 6.1a that 

while two atmospheric transmission windows exist at very low humidity levels, the 

prevalence of water molecules in the atmosphere greatly diminishes the contribution of the 

second atmospheric transmission window towards radiative cooling for most areas of the 

world.219 Consequently, practical radiative coolers in terrestrial applications should 

optimize emission only in the first atmospheric transmission window and over all angles. 

The 1976 United States Standard atmospheric emission spectrum was modeled using 

LOWTRAN7, an open-source software comparable to MODTRAN.220–222 Fig. 6.1b shows 

the 1976 United States Standard atmospheric emission spectra at 300 K with blackbodies 

of 300 K, 280 K, 260 K, and 240 K overlaid in the background.219 From Fig. 6.1b, we see 

that the optimal emission window as described in Eq. 6.7 for achieving maximum cooling 

power is denoted by the area of each blackbody that is not overlapped by the atmospheric 

emittance. This demonstrates the dependence of the optimal spectral emission window on 

the operating temperature. Fig. 6.1c illustrates the radiative cooling power (Pr) to operating 

temperature relationship for ideal radiative coolers as defined by Eq. 6.7. Each solid curve 
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is the radiative cooling power based on spectral emission windows optimized for 300 

K, 280 K, 260 K, and 240 K blackbodies minus the atmospheric heating (Pa), at an ambient 

temperature of 300 K. From the solid curves in Fig. 6.1c, we see that each optimal spectral 

emission window achieves a superior cooling power compared to its peers when operating 

at or near its optimization temperature. The dashed horizontal lines show the net-zero 

power curves (Pnet = 0) for different percentages of solar absorption (Psun). From these 

dashed lines, we find that radiative cooling while operating below the ambient temperature 

of 300 K is effectively impossible if parasitic solar absorption is higher than 10%. The 

dashed sloped lines show Pnet = 0 when considering different non-radiative heat transfer 

coefficients (q), which account for convective and conductive heat transfer (Pother). The 

overall Pnet = 0 line is determined by a linear combination of the solar absorption and non-

radiative heat transfer effects. 
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Figure 6.1. (a) Atmospheric transmission spectra at low humidity taken from the Gemini Observatory and at 

average humidity taken from the 1976 U.S. Standard; (b) blackbody spectra at various temperatures (300 K, 

280 K, 260 K, and 240 K) overlaid on the atmospheric emission spectrum from 1976 U.S. Standard at 300 

K; (c) radiative cooling power density versus operating temperature relationship for the four theoretically 

optimal radiative cooling spectral emission windows defined from (b), each is optimized to provide superior 

cooling power at a specific optimization temperature under ambient conditions (300 K). The solid lines show 

radiative cooling power (Pr) minus atmospheric heating (Pa) versus operating temperature for each of the 

optimal radiative coolers. Solar absorption percent is given by the horizontal dashed lines. Losses from 

conduction and convection for various non-radiative heat transfer coefficients (q), are marked with sloping 

dashed lines. The total net zero cooling power line is represented by a linear combination of the solar 

absorption line and non-radiative heat transfer coefficient line. 
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6.5 Radiative Cooling in SiO2 and Si3N4 Laminate Nanoparticle Films 

Using a generalized effective medium theory, we design different radiative cooling 

structures comprised of separate layers of SiO2 and Si3N4 nanoparticle films with air as the 

matrix medium. We find that two-layer nanoparticle films always outperform dense solid 

laminate thin films and are sufficient to achieve cooling performances greater than or 

similar to previously reported structures.198–202 In our designs, SiO2 and Si3N4 were chosen 

as the emissive materials because of their strongly peaked absorption within the 

atmospheric transmission window. Specifically, in-phase and out-of-phase stretching of 

the Si–O bond is responsible for the strong absorption peak in SiO2 from 8 – 10 μm, and 

Si–N bond stretching is responsible for the broad absorption peak in Si3N4 from 9 – 15 

μm.223–226 In both cases the absorption coefficient for wavelengths between 0.25 – 5 μm 

can be made negligibly small. The generalized effective medium permittivity, considering 

a single type of inclusion, is given by: 

𝜀𝑒𝑓𝑓 − 𝜀𝑒

2𝜀𝑒 + 𝜀𝑒𝑓𝑓 + 𝜈(𝜀𝑒𝑓𝑓 − 𝜀𝑒)
= 𝑓

𝜀𝑖 − 𝜀𝑒

2𝜀𝑒 + 𝜀𝑖 + 𝜈(𝜀𝑒𝑓𝑓 − 𝜀𝑒)
(6.9) 

where εe is the host permittivity (free space in this case), εi is the inclusion permittivity 

(SiO2 or Si3N4), f is the inclusion fill fraction, εeff is the resulting effective permittivity, and 

v is a continuous variable which encapsulates how the inclusion responds to the internal 

field. Using this framework, the Maxwell Garnett (MG) formula is recovered at v = 0, 

Bruggeman at v = 2, and Coherent Potential (CP) at v = 3.48 Therefore, this generalized 

formula spans a set of effective medium theories and values of v between the common 

theories can be viewed as a hybrid response in the internal field. For each structure 

designed, we span v to compare the structure’s cooling performance under each effective 

medium formula and hybrid parameters. As a representative example Fig. 6.2a–e show the 

real (n) and complex (k) refractive index for bulk SiO2 and Si3N4 as well as the effective 

neff and keff for laminate nanoparticle films of SiO2 or Si3N4 as a function of fill fraction 

under the Bruggeman formula.48,227 Fig. 6.2a–b and Fig. 6.2d–e show that by tuning the 

nanoparticle fill fraction, we can reduce impedance mismatch between the nanoparticle 
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film and free space. We can also spectrally shift the location of maximum keff of the 

material composite as a result of coupling between phonons and the internal field.46,179,212 

Fig. 6.2c and Fig. 6.2f emphasize the effect of spectral shifting by normalizing the 

amplitude of keff for SiO2 and Si3N4 laminate nanoparticle films within the atmospheric 

transmission window, respectively. Both increased impedance matching and spectral 

absorption resonance shifting are found to be consistent features no matter the choice of v. 

We note that SiO2 and Si3N4 nanoparticles with diameters of 50 nm or less satisfy the 

condition of Rayleigh scattering throughout the visible and IR wavelength regime.45 Under 

this condition, the effective medium theory given by Eq. 6.9 is valid.46,49,176,179,212,228–230 

Synthesis of nanoparticle films composed of nanoparticles of this size and smaller, and 

with sufficiently narrow size distributions and high uniformity, can be done via both dusty 

plasma synthesis and ball milling.153,217,231–233 We set a 60% fill fraction as a realistic upper 

limit due to the theoretical limit of random sphere packing (62 – 64%).234,235 
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Figure 6.2. (a), (b) neff and keff for SiO2 at various fill fractions with air as the matrix medium; (c) normalized 

keff for SiO2 within atmospheric transmission window demonstrating spectral shifting as a function of fill 

fraction; (d), (e) neff and keff for Si3N4 at various fill fractions with air as the matrix medium; (f) normalized 

keff for Si3N4 within the atmospheric transmission window demonstrating spectral shifting as a function of fill 

fraction. 

We also study the limits an effective permittivity for a random particle film can be, which 

is determined from the Hashin-Shtrikman (HK) bounds: 

𝜀𝑀𝐺 ≤ 𝜀𝑒𝑓𝑓 ≤ 𝜀𝑀𝐺−𝐶𝑜𝑚𝑝 (6.10) 

where the lower limit is given by the MG formula and the upper limit by the MG formula 

of the complementary structure in which the host and medium materials are transposed. 

Thus, Eq. 6.10 gives an estimate on the permittivity extrema we may encounter for 

nanoparticle laminate films, and Eq. 6.9 provides the framework to model the behavior of 

these films under an entire class of effective medium theories within the HK bounds. From 

this framework, we can compare two-layer SiO2 and Si3N4 laminate nanoparticle films to 

dense solid thin film equivalents. 
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Using transfer matrix calculations, we determine each structure’s wavelength, angle, 

and polarization-resolved absorption/emission profile, then calculate its net radiative 

cooling power (Pnet) as a function of operating temperature.64,236 Optimal designs for each 

temperature regime were found by systematically varying each laminate nanoparticle layer 

thickness, fill fraction, material orientation (alternating the material of the top and bottom 

layers), and film type (laminate nanoparticle film or dense solid thin film) for all 

permutations of two-layer structures of SiO2 and Si3N4 on an Ag back reflector. As such, a 

total of 32 two-layer radiative cooling structures were optimized. At each of four 

optimization temperature (300 K, 290 K, 280 K, 270 K), we optimized eight unique two-

layer structures on a silver back reflector based on material order (SiO2 on Si3N4 or Si3N4 

on SiO2) and film type (two thin film layers, thin film on laminate nanoparticle film, 

laminate nanoparticle film on thin film, and two laminate nanoparticle films). Fig. 6.3a 

shows an example schematic of a radiative cooling structure comprised of two layers of 

laminate nanoparticle films on a silver back reflector. The specific design parameters (layer 

thickness, fill fraction) and radiative cooling powers for all 32 optimized radiative cooling 

structures can be found in Tables (S1)–(S18).  

Fig. 6.3b shows the radiative cooling power of each of the 32 optimized two-layer radiative 

cooling structures under the Bruggeman mixing rule (v = 2). Each structure is shown at the 

operating temperature where their spectra has been optimized to give the most cooling 

power (optimization temperature). We assume an ambient of 300 K and account for solar 

absorption. No conduction or convection losses (q = 0) are shown as they would be 

common to each structure and are not an aspect of the photonic design. From Fig. 6.3b, we 

see that optimized two-layer laminate nanoparticle films on a silver back reflector 

outperform optimized two-layer dense solid thin films at all optimization temperatures. 

The best performing two-layer laminate nanoparticle film structures show a 40% to 120% 

increase in radiative cooling power compared to the best performing two-layer dense solid 

thin film structures. The laminate nanoparticle films also demonstrate cooling at 270 K, 

which is unachievable in a dense solid thin film structure. Fig. 6.3c shows the radiative 

cooling power of each of 32 optimized two-layer radiative cooling structures under the 
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Maxwell Garnett mixing rule. From Fig. 6.3c, we see that optimized two-layer laminate 

nanoparticle films on silver back reflector are still predicted to outperform optimized two-

layer dense solid thin films at all target temperatures, with increases of 30% and 109% in 

radiative cooling power when using the Maxwell Garnett mixing rule. Using the design 

parameters for the best performing two-layer laminate nanoparticle film and its two-layer 

thin film analog at each optimization temperature, we show in Fig. 6.3d the radiative 

cooling power of the laminate nanoparticle films when calculated using different effective 

medium formulas (v = 0, 1, 2, 3). Results from the HK bounds and the optimal thin film 

design are also plotted. From Fig. 6.3d we see that laminate nanoparticle films have higher 

predicted radiative cooling powers than two-layer thin film structures of the same material 

at all operating temperatures regardless of the effective medium theory used. In all cases, 

the AM1.5 solar spectrum was used, and the atmospheric transmittance data was taken 

from the 1976 U.S. Standard using LOWTRAN743,220,237, integrated over angle and 

wavelength for both polarizations, and the ambient temperature was 300 K. Non-radiative 

heat losses were not considered since these losses would be common since film thicknesses 

are negligible for heat capacitance, the losses can be and often are controlled by the design 

of an external box, and are not inherent to the photonic aspects of the design. This does not 

detract from the comparison. The angular, spectral, and polarization-resolved emissivity 

profiles for all two-layer laminate nanoparticle film structures as calculated by both 

Bruggeman and Maxwell Garnett effective medium formulas can be found in Fig. S6.1–

S6.8. 
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Figure 6.3. (a) Schematic of radiative cooler comprised of two layers of laminate nanoparticle films on a silver 

back reflector; (b) net radiative cooling power of all 32 optimal two-layer nanoparticle film, thin film, or 

nanoparticle and thin film composite structures of SiO2 and Si3N4 operating at their optimization temperature 

calculated using the Bruggeman effective medium formula (v = 2); (c) net radiative cooling power of all 32 

optimal two-layer nanoparticle film, thin film, or nanoparticle and thin film composite structures of SiO2 and 

Si3N4 operating at their optimization temperature calculated using the Maxwell Garnett effective medium 

formula (v = 0); (d) net radiative cooling power versus optimization temperature for the optimal two-layer 

nanoparticle films calculated using different effective medium theories. The nanoparticle film structure 

performance is compared to the two-layer thin film analog to demonstrate that superior radiative cooling power 

is predicted regardless of which effective medium formula is used. All figures assume an ambient temperature 

of 300 K and no conduction or convection losses (q = 0). 



 

 

129 

Fig. 6.4 compares the cooling performance of the optimal two-layer laminate 

nanoparticle films from Fig. 6.3a under the Bruggeman mixing rule to structures that have 

been previously reported.198–201,208 In order to provide a direct comparison, 

absorptivity/emissivity curves from previous reports are digitized and the radiative cooling 

performance is compared using the same AM1.5 solar spectrum and atmospheric 

absorption spectrum (the 1976 U.S. Standard).43 Furthermore, all calculations use an 

ambient of 300 K, and no non-radiative heat losses were considered. Therefore, the results 

should be interpreted as the relative average performance based on United States standards. 

Since multiple papers only report emissivity curves at normal incidence, all calculations 

assume the structure emits as a Lambertian surface.198–201,208 We then perform the angular 

integration found in Eq. 6.2–6.4 under this assumption, allowing us to account for the 

angular dependence of the 1976 U.S. Standard atmospheric spectra. While the lack of 

angular information will alter the achievable cooling power, applying the approximation 

of Lambertian emittance allows for a consistent comparison between curves. Non-radiative 

heat losses were not considered since these losses are or can be controlled by the design of 

an external box and are not inherent to the photonic aspects of the design. Solar absorption 

is considered since it is part of the photonic design for daytime cooling. The results suggest 

that laminate nanoparticle film structures can provide cooling performance superior to 

other reported radiative cooling structures at temperatures below a 300 K ambient, many 

of which are achieved only through complex photonic designs.  
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Figure 6.4. Comparison between various radiative structure performances from literature (solid) and 

proposed two-layer radiative cooling structures composed of SiO2 and Si3N4 laminate nanoparticle films on 

silver back reflector (dashed). Each dashed curve represents a unique two-layer radiative cooler optimized 

for a different operating temperature. Literature curves are obtained through digitization of published 

emissivity data at normal incidence and it is assumed the emissivity is angle independent. This figure serves 

purely as a guide for visualizing the relative benefit of nanoparticle films in radiative cooling. 

6.6 Summary and Conclusion 

We have demonstrated that SiO2 and Si3N4 two-layer nanoparticle laminate films can give 

rise to radiative cooling powers that are higher than the best dense solid thin film laminate 

designs using the same materials. This result is robust with respect to the effective medium 

theory employed for optimization. Furthermore, we show that simple two-layer 

nanoparticle structures are sufficient to achieve cooling performances exceeding that of 

previously reported designs. Cooling performance improvements ranging from 20 W/m2 

to 25 W/m2 over previously reported designs are possible with two-layer laminate 

nanoparticle films at operating temperatures of 290 K and 280 K respectively, and two-

layer laminate nanoparticle films remain competitive with previously reported designs at 
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300 K. This work suggests that nanoparticle laminate films are a promising component 

for future simple, scalable, and effective daytime radiative cooling structures. 

6.7 Supplemental Information 

Tables of cooling power versus temperature for 2-layer radiative cooling structure design 

parameters: 

Table S6.1. Cooling power versus temperature for Si3N4 on SiO2 (Film/Film) on Ag back 

reflector. 

T (K) P (W/m2) Si3N4 Thickness 

(nm) 

SiO2 Thickness 

(nm) 

300 52.39 200 1200 

290 30.65 100 1300 

280 12.02 100 1100 

270 -1.57 600 25 

 

Table S6.2. Cooling power versus temperature for Si3N4 on SiO2 (NP/Film) on Ag back 

reflector using the Bruggeman formula (v = 2). 

T (K) P (W/m2) Si3N4 

Thickness (nm) 

Si3N4 Fill 

Fraction (%) 

SiO2 Thickness 

(nm) 

300 63.76 3000 25 200 

290 41.25 2750 25 0 

280 22.83 2500 25 0 

270 8.01 2500 20 0 
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Table S6.3. Cooling power versus temperature for Si3N4 on SiO2 (Film/NP) on Ag back 

reflector using the Bruggeman formula (v = 2). 

T (K) P (W/m2) Si3N4 

Thickness (nm) 

SiO2 Thickness 

(nm) 

SiO2 Fill 

Fraction (%) 

300 64.00 200 2500 20 

290 37.01 100 2250 30 

280 15.82 100 2000 25 

270 -0.09 100 1700 20 

 

Table S6.4. Cooling power versus temperature for Si3N4 on SiO2 (NP/NP) on Ag back 

reflector using the Bruggeman formula (v = 2). 

T 

(K) 

P 

(W/m2) 

Si3N4 

Thickness (nm) 

Si3N4 Fill 

Fraction (%) 

SiO2 Thickness 

(nm) 

SiO2 Fill 

Fraction (%) 

300 67.60 1100 35 1800 25 

290 42.79 1600 25 1400 20 

280 23.10 2500 25 50 20 

270 8.10 2500 20 25 20 

 

Table S6.5. Cooling power versus temperature for SiO2 on Si3N4 (Film/Film) on Ag back 

reflector. 

T (K) P (W/m2) SiO2 Thickness 

(nm) 

Si3N4 Thickness 

(nm) 

300 49.57 700 800 

290 28.28 800 600 

280 10.71 700 600 

270 -1.64 0 600 
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Table S6.6. Cooling power versus temperature for SiO2 on Si3N4 (NP/Film) on Ag back 

reflector using the Bruggeman formula (v = 2). 

T (K) P (W/m2) SiO2 Thickness 

(nm) 

SiO2 Fill 

Fraction (%) 

Si3N4 

Thickness (nm) 

300 57.78 1700 35 900 

290 32.05 1600 35 800 

280 11.64 1400 25 700 

270 -1.64 0 - 600 
 

Table S6.7. Cooling power versus temperature for SiO2 on Si3N4 (Film/NP) on Ag back 

reflector using the Bruggeman formula (v = 2). 

T (K) P (W/m2) SiO2 Thickness 

(nm) 

Si3N4 

Thickness (nm) 

Si3N4 Fill 

Fraction (%) 

300 64.91 50 2750 30 

290 41.97 25 2750 25 

280 22.83 0 2500 25 

270 8.01 0 2500 20 

 

Table S6.8. Cooling power versus temperature for SiO2 on Si3N4 (NP/NP) on Ag back 

reflector using the Bruggeman formula (v = 2). 

T 

(K) 

P 

(W/m2) 

SiO2 Thickness 

(nm) 

SiO2 Fill 

Fraction (%) 

Si3N4 

Thickness (nm) 

Si3N4 Fill 

Fraction (%) 

300 69.43 900 20 2250 35 

290 44.38 700 20 2250 30 

280 23.58 200 20 2500 25 

270 8.01 0 - 2500 20 
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Table S6.9. Cooling power versus temperature for Si3N4 on SiO2 (NP/Film) on Ag back 

reflector using Maxwell Garnett formula (v = 0). 

T (K) P (W/m2) Si3N4 

Thickness (nm) 

Si3N4 Fill 

Fraction (%) 

SiO2 Thickness 

(nm) 

300 56.82 3000 25 200 

290 37.89 2750 25 0 

280 21.33 2500 25 0 

270 8.38 2500 20 0 

 

Table S6.10. Cooling power versus temperature for Si3N4 on SiO2 (Film/NP) on Ag back 

reflector using Maxwell Garnett formula (v = 0). 

T (K) P (W/m2) Si3N4 

Thickness (nm) 

SiO2 Thickness 

(nm) 

SiO2 Fill 

Fraction (%) 

300 60.94 200 2500 20 

290 34.88 100 2250 30 

280 15.54 100 2000 25 

270 0.59 100 1700 20 

 

Table S6.11. Cooling power versus optimization temperature for Si3N4 on SiO2 (NP/NP) 

on Ag back reflector using Maxwell Garnett formula (v = 0). 

T 

(K) 

P 

(W/m2) 

Si3N4 

Thickness (nm) 

Si3N4 Fill 

Fraction (%) 

SiO2 Thickness 

(nm) 

SiO2 Fill 

Fraction (%) 

300 60.41 1100 35 1800 25 

290 38.12 1600 25 1400 20 

280 21.95 2500 25 50 20 

270 7.22 2500 20 25 20 
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Table S6.12. Cooling power versus temperature for SiO2 on Si3N4 (NP/Film) on Ag 

back reflector using Maxwell Garnett formula (v = 0). 

T (K) P (W/m2) SiO2 Thickness 

(nm) 

SiO2 Fill 

Fraction (%) 

Si3N4 

Thickness (nm) 

300 53.47 1700 35 900 

290 29.39 1600 35 800 

280 10.99 1400 25 700 

270 -1.64 0 - 600 
 

Table S6.13. Cooling power versus temperature for SiO2 on Si3N4 (Film/NP) on Ag back 

reflector using Maxwell Garnett formula (v = 0). 

T (K) P (W/m2) SiO2 Thickness 

(nm) 

Si3N4 

Thickness (nm) 

Si3N4 Fill 

Fraction (%) 

300 58.78 50 2750 30 

290 37.49 25 2750 25 

280 21.33 0 2500 25 

270 6.99 0 2500 20 

 

Table S6.14. Cooling power versus temperature for SiO2 on Si3N4 (NP/NP) on Ag back 

reflector using Maxwell Garnett formula (v = 0). 

T 

(K) 

P 

(W/m2) 

SiO2 Thickness 

(nm) 

SiO2 Fill 

Fraction (%) 

Si3N4 

Thickness (nm) 

Si3N4 Fill 

Fraction (%) 

300 64.05 900 20 2250 35 

290 40.64 700 20 2250 30 

280 22.34 200 20 2500 25 

270 6.99 0 - 2500 20 
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Table S6.15. Cooling power versus temperature for SiO2 on Si3N4 (NP/NP) on Ag back 

reflector using complementary Maxwell Garnett formula (v’ = 0). 

T 

(K) 

P 

(W/m2) 

SiO2 Thickness 

(nm) 

SiO2 Fill 

Fraction (%) 

Si3N4 

Thickness (nm) 

Si3N4 Fill 

Fraction (%) 

300 57.17 900 20 2250 35 

290 31.51 700 20 2250 30 

280 9.18 200 20 2500 25 

 

Table S6.16. Cooling power versus temperature for SiO2 on Si3N4 (NP/NP) on Ag back 

reflector using a generalized formula (v = 1). 

T 

(K) 

P 

(W/m2) 

SiO2 Thickness 

(nm) 

SiO2 Fill 

Fraction (%) 

Si3N4 

Thickness (nm) 

Si3N4 Fill 

Fraction (%) 

300 69.55 900 20 2250 35 

290 44.81 700 20 2250 30 

280 24.28 200 20 2500 25 

 

Table S6.17. Cooling power versus temperature for SiO2 on Si3N4 (NP/NP) on Ag back 

reflector using Coherent Potential formula (v = 3). 

T 

(K) 

P 

(W/m2) 

SiO2 Thickness 

(nm) 

SiO2 Fill 

Fraction (%) 

Si3N4 

Thickness (nm) 

Si3N4 Fill 

Fraction (%) 

300 67.18 900 20 2250 35 

290 42.11 700 20 2250 30 

280 21.42 200 20 2500 25 
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Table S6.18. Cooling power at T = 270 K for Si3N4 on SiO2 (NP/NP) on Ag back 

reflector using different effective medium formulas. 

v P 

(W/m2) 

Si3N4 

Thickness 

(nm) 

Si3N4 Fill 

Fraction (%) 

SiO2 

Thickness 

(nm) 

SiO2 Fill 

Fraction (%) 

0 7.22 2500 20 25 20 

0 (complement) -5.45 2500 20 25 20 

1 8.35 2500 20 25 20 

3 6.86 2500 20 25 20 
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Spectral, angular, and polarization resolved emissivity profile of 2-layer radiative 

cooling structures: 

 

Figure S6.1. Spectral and angular resolved p-polarization (top) and s-polarization (bottom) emissivity profile 

for 2-layer laminate nanoparticle film radiative cooling structure optimized for 270 K at an ambient 

temperature of 300 K. Radiative cooling structure composed of Si3N4 (NP) on SiO2 (NP) on Ag back 

reflector. 
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Figure S6.2. Spectral and angular resolved p-polarization (top) and s-polarization (bottom) emissivity profile 

for 2-layer laminate nanoparticle film radiative cooling structure optimized for 280 K at an ambient 

temperature of 300 K. Radiative cooling structure composed of SiO2 (NP) on Si3N4 (NP) on Ag back 

reflector. 
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Figure S6.3. Spectral and angular resolved p-polarization (top) and s-polarization (bottom) emissivity profile 

for 2-layer laminate nanoparticle film radiative cooling structure optimized for 290 K at an ambient 

temperature of 300 K. Radiative cooling structure composed of SiO2 (NP) on Si3N4 (NP) on Ag back 

reflector. 
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Figure S6.4. Spectral and angular resolved p-polarization (top) and s-polarization (bottom) emissivity profile 

for 2-layer laminate nanoparticle film radiative cooling structure optimized for 300 K at an ambient 

temperature of 300 K. Radiative cooling structure composed of SiO2 (NP) on Si3N4 (NP) on Ag back 

reflector. 
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Figure S6.5. Spectral and angular resolved p-polarization (top) and s-polarization (bottom) emissivity profile 

for 2-layer dense solid thin film radiative cooling structure optimized for 270 K at an ambient temperature of 

300 K. Radiative cooling structure composed of Si3N4 (Film) on SiO2 (Film) on Ag back reflector. 
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Figure S6.6. Spectral and angular resolved p-polarization (top) and s-polarization (bottom) emissivity profile 

for 2-layer dense solid thin film radiative cooling structure optimized for 280 K at an ambient temperature of 

300 K. Radiative cooling structure composed of Si3N4 (Film) on SiO2 (Film) on Ag back reflector. 
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Figure S6.7. Spectral and angular resolved p-polarization (top) and s-polarization (bottom) emissivity profile 

for 2-layer dense solid thin film radiative cooling structure optimized for 290 K at an ambient temperature of 

300 K. Radiative cooling structure composed of Si3N4 (Film) on SiO2 (Film) on Ag back reflector. 
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Figure S6.8. Spectral and angular resolved p-polarization (top) and s-polarization (bottom) emissivity profile 

for 2-layer dense solid thin film radiative cooling structure optimized for 300 K at an ambient temperature of 

300 K. Radiative cooling structure composed of Si3N4 (Film) on SiO2 (Film) on Ag back reflector. 
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Numerical emissivity data from various reports in literature: 

 

Figure S6.9. Digitized emissivity curve from a multilayer radiative cooler composed of seven alternating 

layers of HfO2 and SiO2. Data from [200]. 
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Figure S6.10. Digitized emissivity curve from a 2-layer 2D photonic crystal of SiC and quartz. Data from 

[201]. 

 

Figure S6.11. Digitized emissivity curve from a polymer-coated fused silica mirror. Data from [199]. 
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Figure S6.12. Digitized emissivity curve from a glass-polymer hybrid metamaterial. Data from [198]. 

 

Figure S6.13. Digitized emissivity curve from nanoparticle-based double layer cooling structure on a black 

substrate. Data from [208]. 
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Figure S6.14. Digitized emissivity curve from nanoparticle-based double layer cooling structure on an 

aluminum substrate. Data from [208]. 
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C h a p t e r  7  

CHARACTERIZATION OF SI3N4 AND SIO2 NANOPARTICLE 

LAMINATE FILMS FOR DAYTIME RADIATIVE COOLING 

7.1 Introduction 

The previous two chapters introduced the use of laminate nanoparticle films as photonic 

structures for passive daytime terrestrial radiative cooling applications. Chapter 5 showed 

work on the characterization of alumina nanoparticle films deposited from a nonthermal 

plasma, and Chapter 6 reported on optimized radiative cooling structures comprised of 

nanoparticle films of SiO2 and Si3N4 with cooling powers comparable to the best reports in 

literature at the time. 

Chapter 5 demonstrated the use of a variety of characterization techniques for characterizing 

the materials and optical properties of the nanoparticle films. Importantly, it showed that 

laminate nanoparticle films deposited from nonthermal plasmas optically behaved like a 

macroscopically isotropic homogeneous film in the infrared wavelength regime as expected 

from theory. It also showed that the Bruggeman effective medium approximation was the 

appropriate mixing method for modeling the effective optical properties of these films.  

Chapter 6 demonstrated that changing the fill fraction of the nanoparticle films could be used 

to spectrally shift the effective absorption peaks of the films in the mid-infrared to better 

match the atmospheric transmission window. This effect was present regardless of the 

effective medium approximation used. As a consequence of this extra tunability, laminate 

nanoparticle films were shown to always outperform their classical dense laminate thin film 

analogs. Finally, Chapter 6 also reported the optimal design parameters for sets of two-layer 

SiO2 and Si3N4 film structures composed of either dense thin films or nanoparticle films for 

maximum radiative cooling power. 
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In this chapter, we build on the discoveries of the previous two chapters by reporting 

work on the fabrication and characterization of radiative cooling structures composed of 

laminate nanoparticle films deposited from a nonthermal plasma. We also fabricate and 

characterize several dense laminate thin film structures to experimentally compare the 

radiative cooling performance of laminate nanoparticle films and dense laminate thin films 

directly. From the optical characterization of the laminate nanoparticle films, we re-optimize 

our original radiative cooling designs and fabricate new laminate nanoparticle film radiative 

cooling structures. 

 

Figure 7.1. Schematic of the highest performing two-layer dense thin film radiative cooling structures composed 

of SiO2 and Si3N4. The schematic also indicates the expected cooling power of each structure at 300 K. 
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Figure 7.2. Schematic of the highest performing two-layer nanoparticle film on dense thin film radiative cooling 

structures composed of SiO2 and Si3N4. The schematic also indicates the expected cooling power of each 

structure at 300 K. 

 

Figure 7.3. Schematic of the highest performing two-layer nanoparticle film radiative cooling structures 

composed of SiO2 and Si3N4. The schematic also indicates the expected cooling power of each structure at 300 

K. 
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7.2 SiO2 and Si3N4 Dense Laminate Thin Film Radiative Coolers 

Chapter 6 reported the optimal design parameters for every set of two-layer radiative cooling 

structures composed of SiO2 and Si3N4, using either dense thin films or nanoparticle films. 

Fig. 7.1-7.3 shows the schematics of 6 of the optimized radiative cooling structures. The 

structures shown are optimized for maximum cooling power at 300 K, and they are composed 

of either two dense thin films, one dense thin film and one nanoparticle film, or two 

nanoparticle films. Note that the designs which involve a dense thin film on top of a 

nanoparticle film are excluded. 

In order to both validate the optimization results presented in Chapter 6 as well as compare 

the radiative cooling power performance between dense laminate thin film and laminate 

nanoparticle film radiative cooling structures, we began by fabricating the 2 two-layer dense 

thin film structures shown in Fig. 7.1.  

To fabricate the 2 two-layer dense thin film structures, we deposited a 10 nm Ti adhesion 

layer and then a 200 nm Ag back reflector layer on silicon wafers using sputter deposition. 

Then, the SiO2 and Si3N4 layers were deposited by plasma-enhanced chemical vapor 

deposition (PECVD) in the order and with the thicknesses indicated in Fig. 7.1. 

Before fabricating the full structures shown in Fig. 7.1, we used ellipsometry to test each 

deposition process and ensure the optical quality of each deposited material layer matched 

expectations. To do this, sample layers for each material were deposited individually first on 

a silicon substrate and then characterized using visible and infrared ellipsometry. The 

ellipsometry results were fitted using the J.A. Woollam library oscillator models for Ag, 

SiO2, and Si3N4, and the complex refractive index of each material was extracted from the 

ellipsometry fits. Fig. 7.4-7.6 show the extracted complex refractive index of the Ag, SiO2, 

and Si3N4 material layers deposited by either sputter deposition (Ag) or PECVD (SiO2, 

Si3N4). From the ellipsometry results, we found that the Ag, SiO2, and Si3N4 materials 

matched well with expected results for each material from literature. After each individual 
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deposition process was tested and the optical qualities of the deposited materials 

characterized, we fabricated the two-layer dense thin film structures. 

 

Figure 7.4. Complex refractive index of sputter deposited silver from ellipsometry in the (a) visible and (b) 

infrared wavelength regime. 
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Figure 7.5. Complex refractive index of PECVD deposited SiO2 from ellipsometry in the (a) visible and (b) 

infrared wavelength regime. 
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Figure 7.6. Complex refractive index of PECVD deposited Si3N4 from ellipsometry in the (a) visible and (b) 

infrared wavelength regime. 

After the full two-layer thin film structures were fabricated using sputter deposition and 

PECVD, visible and infrared ellipsometry were used again to characterize the optical quality 

of the entire structure. In this case, the ellipsometry model was constructed using the 
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previously extracted complex refractive index and materials models for each individual 

material. Then, for the fitting process, all of the oscillator models for each layer and the 

thickness were fit simultaneously. Once the new complex refractive index and thicknesses 

were extracted, ray transfer matrix method was used to calculate the expected spectral 

absorptivity response of the structure.  

From the ellipsometry results, we measured a thickness of 194 nm Si3N4 on 1208 nm SiO2 

for the first structure (200 nm Si3N4 on 1200 nm SiO2), and a thickness of 736 nm SiO2 and 

791 nm Si3N4 for the second structure (700 nm SiO2 on 800 nm Si3N4). Using the extracted 

complex refractive index of the structures and ray transfer matrix method, we calculated the 

absorptivity of the structures, which is shown in Fig. 7.7. We also compared the experimental 

absorptivity of the structures to the expected theoretical absorptivity of the optimized 

structures. From Fig. 7.7, we can see that our experimental structures have a spectral 

absorptivity which matches well with the theoretical absorptivity that we expected from the 

optimized structures. This suggests that these experimental structures should perform 

relatively well as radiative coolers as predicted from our theoretical results.  
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Figure 7.7. Comparison between the theoretical and measured emissivity (from ellipsometry) for the (a) 200 nm 

Si3N4 on 1200 nm SiO2 structure and the (b) 700 nm SiO2 on 800 nm Si3N4. 

We also used UV-vis and FT-IR spectroscopy to characterize the optical properties of the 

structures directly. Here, we used UV-vis spectroscopy to measure the reflectivity of the 
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structures in the solar wavelength regime, and FT-IR spectroscopy to measure the 

radiative emissivity in the mid-infrared wavelength regime. Fig. 7.8-7.9 shows the 

absorptivity/emissivity of the 2 two-layer thin film structures in the visible and infrared 

wavelength regime measured by UV-vis and FT-IR spectroscopy. Once again, we also 

compared these experimental results with the expected theoretical absorptivity of the 

optimized structures.  
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Figure 7.8. Spectral emissivity of the 200 nm Si3N4 on 1200 nm SiO2 structure in the (a) visible wavelength 

regime measured by UV-vis spectroscopy and in the (b) infrared wavelength regime measured by FT-IR 

spectroscopy. The theoretical spectral emissivity is also included to show the match between the theoretical and 

experimental results. Note that a CaF2 beam splitter was used for the near-IR measurements, and a KBr beam 

splitter was used for the mid- and far-IR measurements. 
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Figure 7.9. Spectral emissivity of the 700 nm SiO2 on 800 nm Si3N4 structure in the (a) visible wavelength 

regime measured by UV-vis spectroscopy and in the (b) infrared wavelength regime measured by FT-IR 

spectroscopy. The theoretical spectral emissivity is also included to show the match between the theoretical and 

experimental results. Note that a CaF2 beam splitter was used for the near-IR measurements, and a KBr beam 

splitter was used for the mid- and far-IR measurements. 

From the results shown in Fig. 7.7-7.9, we observed that the fabricated two-layer dense thin 

film structures had measured spectral emissivity responses very similar to the theoretical 
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spectral emissivity expected from the optimized structures in Fig. 7.1. This suggests that 

these films should perform relatively well as radiative coolers as expected from the 

optimization process, and that the fabrication process that we used to fabricate these films is 

a sufficient and consistent method for fabricating these 2 two-layer dense thin film radiative 

cooling structures.  

7.3 Characterization of SiO2 and Si3N4 Laminate Nanoparticle Films 

After fabricating and characterizing the 2 two-layer dense thin film radiative cooling 

structures shown in Fig. 7.1, we moved towards fabricating the laminate nanoparticle film 

structures shown in Fig. 7.2-7.3. Similar to the process used in Section 7.2, we first deposited 

and characterized individual laminate nanoparticle films of SiO2 and Si3N4 from nonthermal 

plasma synthesis to measure the individual film optical qualities. To deposit the nanoparticle 

films, precursor gas was flowed through the reactor to form nanoparticles in the plasma. 

Then, the nanoparticles were spray deposited onto a substrate which was moved back and 

forth to control the size and overall thickness of the film. The SiO2 deposition parameters 

were 50 W, 5 sccm O2, 30 sccm Ar, 1 sccm SiH4, and the Si3N4 deposition parameters were 

50 W, 50 sccm N2, 30 sccm Ar, 1 sccm SiH4. Fig. 7.10 shows the nonthermal plasma reactor 

which was used to deposit the nanoparticle films.  
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Figure 7.10. (a) Schematic of the nonthermal plasma reactor used to synthesize and deposit SiO2 and Si3N4 

nanoparticle films; (b) Image of the nonthermal plasma reactor.  

First, TEM was used to measure the average size and shapes of the nanoparticles. The 

average radius of SiO2 nanoparticles was approximately 3 nm and the average radius of Si3N4 

nanoparticles was approximately 4 nm. Fig. 7.11 shows characteristic TEM images of SiO2 

and Si3N4 nanoparticles from nonthermal plasma synthesis.  



 

 

164 

 

Figure 7.11. TEM images of (a) SiO2 nanoparticles and (b) Si3N4 nanoparticles synthesized from a nonthermal 

plasma reactor. 

Next, nanoparticle films were deposited on gold coated substrates; the gold layer provides a 

high reflectivity background in the mid-IR wavelength regime which helps improve 

ellipsometry and FT-IR spectroscopy measurements. The gold layers were 200 nm thick and 

deposited by sputter deposition onto silicon wafers with a 10 nm Ti adhesion layer. While 

the nonthermal plasma deposition parameters were kept constant, the film thicknesses were 

controlled based on the number of raster passes that the substrate made in the nonthermal 
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plasma reactor. SiO2 and Si3N4 nanoparticle films with raster passes of 25, 50, and 75 

were fabricated for characterization study. Fig. 7.12 shows images of SiO2 and Si3N4 

laminate nanoparticle films on gold coated substrates deposited by nonthermal plasma 

synthesis. Visually, all of the samples showed high visible reflectivity, suggesting that the 

solar absorptivity of the nanoparticles is low.  

 

Figure 7.12. Laminate nanoparticle films of (a) SiO2 and (b) Si3N4 deposited by nonthermal plasma synthesis 

onto gold coated substrates. The samples are approximately 1 cm wide and 4 cm long.  

For initial characterization, cross-sectional SEM was used to measure the thickness of each 

film. The cross-sections were created by manually scraping the surface of the nanoparticle 

films with a sharp diamond scribe. This method was used to create cross-sections because 

previous work on milling cross-sections into the nanoparticle films using Ga focused ion 

beam (Ga-FIB) did not produce analyzable results. As such, it was discovered that manually 

removing nanoparticles created clean cross sections which preserved the nanoparticle film 

details. Fig. 7.13 shows characteristic SEM images of the cross-sections of SiO2 and Si3N4 

nanoparticle films on gold coated substrates with 25, 50, and 75 raster passes during 

deposition. 
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Figure 7.13. Cross-sectional SEM images of SiO2 and Si3N4 nanoparticle laminate films synthesized from a 

nonthermal plasma reactor. The pass number refers to the number of times the substrate was moved across the 

deposition spray of the reactor. Note that a correction factor of 1/cos(38°) is applied in the y-axis to account for 

the tilt of the setup with respect to the SEM Everhart-Thornley Detector (ETD).  
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From the cross-sectional SEM images, we measured and found that the average thickness 

of the films was approximately 1.2 ± 0.1 µm, 2.2 ± 0.2 µm, and 3.0 ± 0.5 µm for the SiO2 

nanoparticle films at 25, 50, and 75 raster passes, and 1.0 ± 0.1 µm, 1.4 ± 0.1 µm, and 2.2 ± 

0.2 µm for the Si3N4 nanoparticle films at 25, 50, and 75 raster passes. As expected, the 

nanoparticle film thickness increases with the number of raster passes in the reactor. 

Next, we measured the spectral reflectivity of the films using FT-IR spectroscopy. Fig. 7.14 

shows the reflectivity of the SiO2 and Si3N4 nanoparticle films in the mid-IR wavelength 

regime. As expected, the absorption response of the nanoparticle films increased with film 

thickness. Interestingly, we found that while the SiO2 nanoparticles exhibited a single strong 

absorption response at 9 µm as expected, the Si3N4 nanoparticles exhibited an unusually 

broad absorption response with a peak at 9 µm and a peak at 11 µm, even though we only 

expect an absorption peak at 11 µm from the Si-N bond. The absorption peak at 9 µm 

suggests that the Si3N4 nanoparticles contain leftover impurities from the synthesis process; 

SiN-H bonds are the most likely reason for the absorption peak at 9 µm.  



 

 

168 

 

Figure 7.14. FT-IR reflectivity of (a) SiO2 and (b) Si3N4 nanoparticle laminate films synthesized from a 

nonthermal plasma reactor on a gold coated substrate. The pass number refers to the number of times the 

substrate was moved across the deposition spray of the reactor. 
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Finally, we used infrared ellipsometry to extract the complex refractive index of the 

nanoparticles. Similar to the procedure discussed in Chapter 5, we used the Bruggeman 

effective medium approximation to model the nanoparticle films by mixing SiO2/Si3N4 

material with an air matrix. In other words, we coupled a Bruggeman effective medium 

approximation with an SiO2/Si3N4 material oscillator model in the ellipsometry model, then 

fit the oscillator model parameters, film thickness, and fill fraction. Doing so allows us to 

extract the complex refractive index, thickness, and fill fraction of the nanoparticle films. 

The measured film thicknesses from cross-sectional SEM were used to control the bounds 

of the allowed film thickness in the ellipsometry fit.  

From the ellipsometry fits, we found film thicknesses of 1.05 µm, 2.13 µm, and 3.45 µm for 

the SiO2 nanoparticle films at 25, 50, and 75 raster passes, and 0.82 µm, 1.46 µm, and 2.50 

µm for the Si3N4 nanoparticle films at 25, 50, and 75 raster passes. We found fill fractions of 

8.1%, 8.3%, and 7.3% for the SiO2 nanoparticle films at 25, 50, and 75 raster passes, and 

9.1%, 9.5%, and 8.1% for the Si3N4 nanoparticle films at 25, 50, and 75 raster passes. For 

the complex refractive index, Fig. 7.15 shows the extracted complex refractive index of the 

SiO2 and Si3N4 nanoparticles. Note that the complex refractive index reported in Fig. 7.15 

shows the intrinsic bulk refractive index of the SiO2 and Si3N4 material. To find the effective 

refractive index of the nanoparticle film, Bruggeman effective medium approximation must 

be used to mix the bulk refractive index of the materials with the refractive index of the air 

matrix at the appropriate fill fraction. 
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Figure 7.15. The complex refractive index of (a) SiO2 nanoparticles and (b) Si3N4 nanoparticles synthesized in 

a nonthermal plasma reactor, extracted using ellipsometry. 

Using the extracted complex refractive index of the SiO2/ Si3N4 nanoparticle materials, we 

used ray transfer matrix method to calculate the expected spectral reflectivity of the 

nanoparticle films to compare the accuracy of the ellipsometry model with Bruggeman 
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effective medium approximation with the direct FT-IR reflectivity measurements. Fig. 

7.16 shows the calculated spectral reflectivity of the SiO2 and Si3N4 nanoparticle films from 

ray transfer matrix method. We can see from Fig 7.16 that the calculated reflectivity matches 

well with the measured FT-IR reflectivity results, suggesting that a Bruggeman effective 

medium approximation is an appropriate mixing model for laminate nanoparticle films. 
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Figure 7.16. The calculated spectral reflectivity of the (a) SiO2 and (b) Si3N4 nanoparticle films from ray transfer 

matrix method and Bruggeman effective medium approximation using the nanoparticle complex refractive 

index extracted by ellipsometry.  
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7.4 Si3N4 Laminate Nanoparticle Film Radiative Coolers 

Using the results of the SiO2 and Si3N4 nanoparticle film optical characterization, we re-

optimized the two-layer laminate nanoparticle film radiative cooling designs shown in Fig. 

7.3 using the experimentally extracted complex refractive index of the SiO2 and Si3N4 

nanoparticles. We used Bruggeman effective medium approximation and the complex 

refractive index of the SiO2 and Si3N4 nanoparticles with a 10% fill fraction to calculate the 

effective complex refractive index of the nanoparticle layers, then used ray transfer matrix 

method to calculate the spectral emissivity of the two-layer structure while varying 

thicknesses. With the spectral emissivity, we then calculated the expected cooling power of 

the structure. Fig. 7.17 shows the results of the optimization process.  

 

Figure 7.17. Predicted radiative cooling power of a two-layer SiO2 and Si3N4 laminate nanoparticle film 

radiative cooling structure with varying layer thickness and order. 

From Fig. 7.17, we see that the highest radiative cooling powers are achieved when the 

design becomes a single thick film of Si3N4 nanoparticles. This is because we discovered 

during the optical characterization process that while the SiO2 nanoparticle films behave 

optically as expected, the Si3N4 nanoparticle films contain impurities leftover from the 

nonthermal plasma synthesis process which produce a strong absorption peak at 9 µm. 

Coincidentally, the original two-layer laminate nanoparticle film radiative cooling designs 

shown in Fig. 7.3 use an SiO2 nanoparticle layer to enhance emission at 9 µm and an Si3N4 

nanoparticle layer to enhance emission at 11 µm. However, due to the impurities in the 
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fabricated Si3N4 nanoparticle film, the resulting film covers the entire emission spectrum 

across the atmospheric transmission window by itself without the need for an SiO2 

nanoparticle layer. As a result, the optimization process tends towards a single thick laminate 

film of Si3N4 nanoparticles as the optimal radiative cooling design. 

Based on the new optimization, we fabricated very thick Si3N4 laminate nanoparticle films 

on silver substrate with 400 SiO2 passes. We used both unprotected bare silver substrates and 

silver substrates with a 5 nm SiO2 passivation layer. Fig. 7.18 shows an image of one of these 

Si3N4 laminate nanoparticle films on silver substrate deposited from nonthermal plasma 

synthesis with 400 raster passes. 

 

Figure 7.18. Image of Si3N4 laminate nanoparticle film on silver substrate deposited from nonthermal plasma 

synthesis with 400 raster passes. The sample size is approximately 1 cm by 4 cm. 

Following the characterization process from Section 7.3, we used cross-sectional SEM to 

measure the thickness of the films. Fig. 7.19 shows an SEM image of the cross-section of a 

Si3N4 nanoparticle films on a silver substrate with 400 raster passes during deposition. The 

measured thickness of the films was approximately 30 µm. 
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Figure 7.19. Cross-sectional SEM image of a Si3N4 nanoparticle laminate film synthesized from a nonthermal 

plasma reactor with 400 raster passes. Note that a correction factor of 1/cos(38°) is applied in the y-axis to 

account for the tilt of the setup with respect to the SEM Everhart-Thornley Detector (ETD).  

Next, we measured the spectral reflectivity of the films using FT-IR spectroscopy. Fig. 7.20 

shows the reflectivity of 2 Si3N4 nanoparticle films in the mid-IR wavelength regime. One 

of the films was deposited on bare silver, while the other film was deposited on silver with a 

5 nm SiO2 passivation layer. 
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Figure 7.20. FT-IR reflectivity of Si3N4 laminate nanoparticle films synthesized from a nonthermal plasma 

reactor with 400 raster passes on a (a) bare silver substrate and (b) silver with 5 nm SiO2 passivation layer. The 

atmospheric transparency window is overlaid. 

We observe from Fig. 7.20 that a single thick laminate nanoparticle film of Si3N4 matches 

well with the atmospheric transparency window. We also note that the 5 nm SiO2 passivation 
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layer does not have an observable effect on the performance of the structure. This result 

suggests that this laminate nanoparticle film acts as a radiative cooling structure. 

Finally, we used infrared ellipsometry to extract the fill fraction of the nanoparticle films. 

Due to the thickness of the film, the ellipsometry measurements could not be conclusively 

used to extract the complex refractive index or thickness of the films. As such, we used the 

Si3N4 nanoparticle material model from Section 7.3 to model the film, and we held the 

oscillator model parameters and the thickness of the film constant and fit only for the fill 

fraction using a Bruggeman effective medium approximation. The ellipsometry result 

suggested a nanoparticle fill fraction of 8 – 10%.  

7.5 Summary and Conclusion 

In this chapter, we reported on the fabrication and characterization of 4 different radiative 

cooling structures: 2 two-layer dense thin film structures and 2 single-layer Si3N4 laminate 

nanoparticle film structures. For the 2 two-layer dense thin film structures, our optical 

characterization showed that the spectral emissivity matched well with the expected spectral 

emissivity from our theoretical results. For the laminate nanoparticle films, our initial 

characterization showed that the Si3N4 nanoparticle films deposited from nonthermal plasma 

synthesis contained impurities resulting in an unexpected absorption peak at 9 µm. 

Combined with the natural absorption peak of Si3N4 at 11 µm, our re-optimization of the 

laminate nanoparticle film radiative cooling designs suggested that a single-layer laminate 

nanoparticle film of Si3N4 was sufficient to act as a radiative cooler without the need of an 

SiO2 nanoparticle film. From the re-optimization results, we fabricated and characterized 

thick Si3N4 laminate nanoparticle films with a thickness of 30 um and fill fraction of 8 – 

10%.  

Finally, using the measured emissivity of each structure from the optical characterization 

results, we can estimate the predicted raidative cooling power of each of these structures. At 

300 K, we predict a radiative cooling power of approximately 34.4 W/m2 and 40.5 W/m2 for 

the SiO2 on Si3N4 and Si3N4 on SiO2 dense thin film structures, respectively, and 39.6 W/m2 
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and 36.0 W/m2 for the thick Si3N4 laminate nanoparticle films on bare silver and 

passivated silver, respectively. This chapter concludes Section II: Passive Daytime 

Terrestrial Radiative Cooling. 
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SECTION III: DIRECT SPECTRALLY AND ANGULARLY 

RESOLVED RADIATIVE EMISSION 
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C h a p t e r  8  

A NEW INSTRUMENT FOR SPECTRALLY AND ANGULARLY 

RESOLVED RADIATIVE EMISSION MEASUREMENTS OF 

RADIATIVE COOLING STRUCTURES 

8.1 Introduction 

In Section II, we reported work on the design, fabrication, and characterization of laminate 

nanoparticle films for radiative cooling applications. During this process, we recognized a 

need for a standardized experimental method to facilitate inter-comparisons between 

different radiative cooling structures and performances across literature. We introduced this 

need in Chapter 6 with the work on comparing various radiative cooling structure 

performances across literature by digitizing the published spectral emissivity and calculating 

the predicted radiative cooling performance of each structure under the same ambient 

conditions. At the time, the widely reported methods for measuring the radiative cooling 

power of structures involved constructing a test apparatus to reduce convective and 

conductive effects on the sample and then measuring the temperature of the sample under 

ambient sunlight. By measuring the solar irradiance and surface temperature, the non-

radiative heat loss coefficient Q can be extracted using the known structure emissivity. 

However, this method depends strongly on the test apparatus itself and does not directly 

measure the radiative power of the structure. We found that the experimental setup greatly 

influenced the final temperatures which were achievable; setups with increasing complexity 

utilizing vacuum chambers, radiation shields, and mirror cones report lower temperatures 

compared to simpler setups.  

Based on the limitations of current methods, we proposed, designed, constructed, and tested 

an instrument for directly measuring the spectrally and angularly resolved radiative power 

of a radiative cooling structure. Simultaneously, the instrument measures the surface 

temperature of the sample. To control the ambient, the instrument reduces both thermal 
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convective and conductive and external radiative effects on the sample temperature and 

measured radiative power.  

In this chapter, we report on our new instrument for direct spectrally and angularly resolved 

radiative emission measurements. We present a detailed overview on the instrument 

specifications and design considerations. We outline the operating procedure for the 

instrument including the alignment, start up, operation, and shut down procedure. Using this 

instrument, we report measurements on the spectrally and angularly resolved radiative 

emission of several radiative cooling structures including Si3N4 laminate nanoparticle films 

and two-layer SiO2 and Si3N4 dense thin film structures at various temperatures and angles, 

and we discuss the results of these measurements as well as the limitations of the instrument.  

8.2 Instrument Overview 

In this section, we present our new instrument for simultaneous direct spectrally and 

angularly resolved radiative emission and surface temperature measurements. We begin by 

reporting the final instrument specifications in detail, then discuss the considerations which 

influenced the design. 

8.2.1 Design Specifications 

The instrument is a custom-designed cryoshroud contained within a large vacuum chamber. 

Fig. 8.1 shows solid and wireframe CAD schematics of the basic design of the instrument 

without any attachments from different viewing angles. 
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Figure 8.1. CAD schematic of the proposed instrument for simultaneous measurement of the direct radiative 

emission and surface temperature of a sample. The schematics shown include (a) solid schematic, (b) wireframe 

schematic, (c) solid schematic side view, and (d) solid schematic top view of the instrument. The instrument is 

a custom-design vacuum chamber with cryoshroud.  
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MDC Precision, LLC was commissioned for the construction of the instrument vacuum 

chamber. Fig. 8.1a is a visual schematic of the outside of the vacuum chamber. The 

cryoshroud itself is a hollow cylindrical tube whose walls can be filled with liquid N2 (LN2) 

to allow it to cool to temperatures around -160 °C (measured cryoshroud temperature 

compared to LN2 boiling point of -196 °C). The shroud is open at the top and bottom; it is a 

straight cylindrical tube which runs along the height of the vacuum chamber. Fig. 8.1b shows 

the shroud which is contained entirely within the vacuum chamber. Two tubes run from the 

shroud walls through the top of the vacuum chamber; these tubes are cryogenic lines used to 

fill the cryoshroud with LN2. The ends of the tubes are fitted with ¼-inch VCR® fittings to 

connect directly to a LN2 cylinder. The vacuum chamber has an outer diameter of 14 inches 

(with a 16.5-inch CF flange lid), while the cryoshroud has an outer wall diameter of 11 

inches, an inner wall diameter of 9 inches (1-inch hollow wall thickness), and a height of 11 

inches. 

Fig. 8.1a shows five separate flanges on the vacuum chamber aside from the two cryogenic 

tubes. These flanges include one 6-inch CF flange and two 2.75-inch CF flanges on the top 

of the chamber, and one 8-inch CF flange and one KF-50 vacuum flange on the sides of the 

chamber.  

On the top of the chamber (Fig. 8.1d), the 6-inch CF flange is the mounting point for the 

motorized rotary feedthrough for the sample stage. The motorized rotary feedthrough is a 

vacuum feedthrough for a motorized rotary shaft that runs halfway down the height of the 

vacuum chamber and exactly along the center axis of the vacuum chamber and cryoshroud 

cylinder. At the end of the rotary shaft, the sample stage is mounted. In other words, the 

motorized rotary feedthrough is a motorized shaft that rotates (or tilts) the sample to the left 

and right; this gives us the angle-resolved directivity of the sample thermal emission. Fig. 

8.2 shows a schematic of the motorized rotary feedthrough with rotational shaft. The end of 

the shaft is threaded to allow mounting of various sample stages. The motor of the rotary 

feedthrough is connected to an external motor controller resulting in a rotational precision of 

approximately 0.2 ± 0.1°. This error in precision arises primarily from the physical 
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connection between the worm gear and worm wheel. The motor controller for the worm 

gear can step in intervals of approximately 0.0005° (1/1775°). The motor controller and 

motorized rotary feedthrough were purchased from MDC Precision, LLC. A zero-length 6-

inch to 2.75-inch CF adapter is used to connect the motorized rotary feedthrough to the 

vacuum chamber.  

 

Figure 8.2. Schematic of the motorized rotary feedthrough. A sample stage (not shown here) can be mounted 

via the threaded end of the rotary shaft.  

The sample stage is a custom-designed stage which enables tilt adjustment along the x-axis 

and translational adjustment along the x- and z-axes (where the y-axis is the rotary shaft 

axis). Thus, when combined with the rotation provided by the motorized rotary shaft, the 

sample stage allows xy-tilt adjustment. Fig. 8.3 shows a CAD schematic of the sample stage. 

It is important to note that the surface of the sample stage lies behind the axis of the rotary 

shaft; once the sample is mounted onto the stage, the stage can be translated forward into 

eucentric position. Eucentric position is the position at which a surface can be tilted or rotated 
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without laterally shifting the focal point. In other words, at eucentric position, the surface 

of the sample lies exactly along the axis of rotation.  

 

Figure 8.3. CAD schematic of the instrument sample stage. Combined with the rotary shaft, the sample stage 

enables xy-tilt adjustments and xz-translational adjustments.  

Two 2.75-inch CF flanges are also attached to the top of the vacuum chamber (Fig. 8.1d). 

These two CF flanges are the mounting points for all necessary components which need to 

be connected to the vacuum chamber during operation. Two 4-way 2.75-inch CF flanges are 

attached to each 2.75-inch CF flange to increase the number of connections to the vacuum 

chamber from two to six. First, a type K thermocouple feedthrough with three miniature 

plugs is mounted to feed two bare wire type K thermocouples into the chamber, one to 

measure the temperature of the cryoshroud and one to measure the temperature of the 

air/vacuum. Second, a copper wire electrical feedthrough is used to connect the power source 

and controller for a thermoelectric heater and thermistor into the chamber. The 

thermoelectric heater and thermistor are mounted onto the sample stage; the thermistor 

measures the temperature of the sample stage (and sample), and the thermoelectric heater 

allows for controlled heating of the sample stage. A temperature controller and power source 
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are used to modulate and hold the sample stage at a specific temperature point using the 

thermistor as the feedback temperature monitor. The temperature controller, power source, 

thermistor, and thermoelectric heaters were purchased from TE Technology, Inc. Third, a 

KJLF® 275 Series convection gauge and KJLF® 354 Series ion gauge are mounted to 

measure the pressure of the vacuum chamber at pressures above and below 1×10-3 Torr, 

respectively. Fourth, an up-to-air vent valve is mounted; a gas nitrogen source and tube with 

a dual gas regulator are connected to the up-to-air vent valve. This allows the chamber to 

pump/vent with nitrogen gas. This prevents ice formation from water vapor on the 

cryoshroud during cooling. Finally, unused CF flanges are covered with 2.75-inch CF blanks. 

On the backside side of the vacuum chamber (Fig. 8.1c), an 8-inch CF flange acts as the 

mounting point for the turbopump. The turbopump used in this system is an Agilent TV 301 

Navigator. The foreline vacuum pump is an Agilent TriScroll 600 dry scroll pump.  

On the front side of the vacuum chamber (Fig. 8.1c) is a KF-50 vacuum flange which acts 

as the main measurement aperture of the instrument. In order words, this is the main opening 

of the vacuum chamber for measuring the radiative thermal emission of a sample. A 1-inch 

diameter zinc selenide (ZnSe) window is mounted onto the KF-50 vacuum flange; ZnSe is 

used as the window because of its high transparency in the infrared wavelength regime. In 

order for radiative emission from the sample to escape the vacuum chamber, a 2-inch 

aperture is cut into the cryoshroud. This opening can be seen in Fig. 8.1b. The sample stage 

which is mounted onto the motorized rotary feedthrough shaft is aligned such as the sample 

faces the aperture opening of the vacuum chamber. Thus, as the sample tilts left and right, 

we can measure the angle-resolved outgoing radiative emission from the sample through the 

aperture opening of the vacuum chamber. Fig. 8.4 shows images of the full instrument set 

up.  
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Figure 8.4. Images of the instrument setup.  

In order to measure the spectral-resolved radiative emission from the sample, we collimate 

the outgoing radiative emission into a NicoletTM iS50 FT-IR Spectrometer from Thermo 

Fisher Scientific. A KBr beamsplitter is used in the FT-IR spectrometer. The FT-IR 

spectrometer was previously modified to accept an external collimated infrared beam as the 

input signal. This modification was a commercial modification provided by Thermo Fisher 

Scientific. To collect and collimate the radiative emission, we used a 1-inch diameter ZnSe 

lens with a 50 cm focal length. Gold mirrors were used to steer the beam whenever necessary.  

Importantly, the infrared signal in the FT-IR spectrometer is measured using a LN2 cooled 

Mercury-Cadmium-Telluride (MCT-A) detector with a spectral range of 4000 – 650 cm-1 

from Thermo Fisher Scientific. A cryogenically cooled detector is necessary because a 

standard deuterated triglycine sulfate (DTGS) detector is insufficient for measuring the 
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emission signal strength from a thermally radiative source which has a temperature near 

room temperature. Furthermore, even with the MCT-A detector, the room temperature is the 

low temperature limit at which a radiative sample can be measured in this setup. As such, 

direct radiative emission measurements must be made at slightly elevated temperatures 

above room temperature at minimum. 

To summarize, the instrument is a large vacuum chamber with a cryoshroud which surrounds 

the sample. A small aperture in the cryoshroud and vacuum chamber exports the thermal 

radiative emission out of the chamber. A Zn Se lens is used to collimate the radiative 

emission into an FT-IR spectrometer with an MCT-A detector. By rotating the sample using 

the motorized rotary shaft and continually measuring the radiative emission with the FT-IR 

spectrometer, we can measure the spectrally and angularly resolved radiative emission from 

a sample. Simultaneously, the thermoelectric heater and thermistor measure and control the 

sample temperature.  

8.2.2 Design Considerations 

The points below highlight the main design considerations which resulted in the final 

instrument design. 

1. The main purpose of this instrument is to directly measure the spectrally and 

angularly resolved radiative thermal emission from a photonic structure such as a 

radiative cooler. To achieve this, we use a motorized rotary shaft to control the 

angle-resolved directivity and an FT-IR spectrometer to measure the spectral-

resolved infrared emission signal. A ZnSe window allows us to export the 

radiative emission from a sample. An infrared focusing optic (ZnSe lens) collects 

and collimates the infrared emission into the FT-IR spectrometer. An MCT-A 

detector allows detection of radiative emission signals from thermally radiative 

sources at temperatures near room temperature in the mid-infrared wavelength 

regime. The sample stage adjusts the position of the sample so that its surface is 
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at eucentric position; this prevents lateral drift of the focal spot across the 

surface as the sample rotates.  

2. The first purpose of the cryoshroud is to reduce the effect of external radiative 

emission on the sample. When measuring the radiative emission of a sample, we 

measure both the radiative emission from the sample and the environmental 

radiative emission reflected off the sample into the detector. While this effect is 

usually unnoticeable at high temperatures, it contributes significantly to the total 

emission signal at temperatures near room temperature. By enclosing the sample 

with a cryoshroud, we ensure that very little environmental thermal emission will 

affect our measurements.  

a. To contextualize the impact of environmental radiative emission, we use 

Stefan-Boltzmann Law to calculate the radiative emission from an 

environmental blackbody surrounding the sample. A blackbody at room 

temperature (27 °C) radiates approximately 460 W/m2. Comparatively, a 

cryoshroud cooled with LN2 at -160 °C radiates approximately 9 W/m2. 

3. The second purpose of the cryoshroud is to absorb radiative emission from the 

sample itself. In other words, the cryoshroud acts as a thermally radiative heat sink 

in a role similar to the cold background of space for radiative coolers. In this role, 

it prevents radiative emission from propagating within the vacuum chamber. As 

such, the environment of this chamber can be effectively described as a space 

environment, and a radiative cooler placed in this chamber would act similarly to 

a radiative cooler placed in space. 

a. Note: using Stefan-Boltzmann Law, we find that the background of space 

at 2.7 K radiates approximately 3×10-6 W/m2. 

4. Since the radiative thermal emission of a sample is directly related to the 

temperature of the sample, the instrument is designed to both make temperature 

measurements and control the temperature of the sample during radiative emission 

measurements. This is achieved using the thermoelectric heater, thermistor, and 

temperature controller. This allows us to either measure the temperature of the 
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sample as it radiatively cools or hold the sample at a set temperature point and 

measure its radiative emission at any given temperature.  

5. The instrument aims to minimize environmental convective and conductive 

thermal effects on the sample. This is achieved naturally with the vacuum chamber 

and turbopump introducing a high vacuum (< 1×10-6 Bar) to the system. As 

previously discussed in Chapter 3, a high vacuum is an effective insulating layer. 

In particular, a high vacuum is necessary to isolate the cryoshroud from the 

sample.  

We note that the remainder of the instrument components described in Section 8.2.1 are 

necessary for operating the instrument but were not considered directly when designing the 

instrument. This includes the up-to-air vent valve and gas nitrogen vent line, thermocouple 

feedthrough, convection and ion pressure gauges, etc. 

8.3 Instrument Operating Procedure 

This section outlines the procedure for aligning the instrument, mounting samples, starting 

up the instrument, and making a radiative emission measurement, and shutting down the 

instrument. 

8.3.1 Reference Sample Preparation 

Beforehand, we prepare two reference samples which are necessary for normalizing the 

radiative emission measurement results. The two reference samples are a gold reference and 

a blackbody reference. The references are also useful for aligning the instrument with the 

FT-IR spectrometer. The gold reference represents the minimum radiative emission signal, 

and the blackbody reference represents the maximum radiative emission signal. 

Gold references were prepared using electron beam evaporation to deposit 200 nm of Au and 

10 nm of Ti onto a Si wafer. The 10 nm Ti layer acts as an adhesion layer between the gold 

and silicon material. To prepare the blackbody references, carbon black was mixed into a 1:4 

solution of isopropanol and water, and then the mixture was spray coated onto tape. Once 
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the solvent evaporated, a carbon black sample was left behind. From previous 

measurements, the gold references are approximately >98% reflective while the blackbody 

references are <2% reflective in the infrared wavelength regime.  

We also prepare an alignment sample. The alignment sample is a printout of a 1 mm2 spaced 

grid on a silicon wafer. 

8.3.2 Alignment 

For every measurement, the instrument and sample stage must be aligned with the FT-IR 

spectrometer and MCT-A detector. Generally, this means aligning the instrument and sample 

stage with the FT-IR spectrometer so that the sample surface is positioned at eucentric focus 

with respect to the focusing/collimating optic. This process involves aligning the focusing 

optic with the FT-IR spectrometer, then aligning the instrument, then aligning the sample 

stage, then aligning the MCT-A detector. For the alignment process, we use the collimated 

red alignment laser from the FT-IR spectrometer. 

First, we align the ZnSe lens with the FT-IR spectrometer alignment laser following standard 

alignment procedures for mirrors and lenses. This ensures that the ZnSe lens now collimates 

a beam into the FT-IR spectrometer; the other end is a visible focused beam spot. 

Next, we align the instrument by moving it into the path of the beam line such that the beam 

focal spot aligns with both the surface of the sample and the axis of rotation of the rotary 

shaft. To do this, we mount the alignment sample onto the sample stage. To mount a sample 

into the instrument, we detach the motorized rotary feedthrough from the chamber, mount 

the sample onto the sample stage, then re-attach the rotary feedthrough to the chamber. We 

adjust the sample stage so that the surface of the sample aligns with the center axis of the 

rotary shaft. Once the alignment sample is mounted, we move the instrument into the 

alignment beam path such that the focal spot is located on the alignment sample. From here, 

we make forward-backward adjustments of the instrument to minimize the beam spot size 

on the alignment sample. We use the reflected beam from the ZnSe window of the chamber 
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to align the tilt of the instrument with the beam. For the left-right lateral adjustment of 

the instrument, we rotate the sample stage and observe the movement of the beam focal spot 

with respect to the alignment sample grid. We adjust the left-right position of the instrument 

until the beam focal spot does not translate during sample rotation. Once this is achieved, we 

know that the instrument and the sample stage are aligned at eucentric position.  

Next, we align the sample stage. To do this, we unmount the alignment sample and mount 

the gold reference. We use the gold reference to align the xy-tilt of the sample stage and to 

zero the motorized rotary shaft at normal incidence. The gold reference is necessary here to 

obverse the reflected alignment beam.  

Finally, we align the MCT-A detector. To do this, we unmount the gold reference and mount 

the blackbody reference. The blackbody reference is necessary to observe a strong radiative 

emission signal in the FT-IR spectrometer. To improve the signal further, we use the 

thermoelectric heater to heat the blackbody reference to 50 °C. We cool the MCT-A detector 

with LN2, then adjust the position and tilt of the MCT-A detector until the observed peak-to-

peak signal strength is maximized. Once maximized, the MCT-A detector is aligned with the 

FT-IR spectrometer. 

8.3.3 Start Up 

The startup procedure for the instrument involves pumping down the vacuum chamber, then 

cooling the cryoshroud. It is important to pump the chamber down first to avoid condensation 

and ice formation on the cryoshroud during cooling. To pump down the chamber, we use the 

rough pump to pump the chamber to a pressure of 1 Torr, then start the turbopump. At a 

pressure of 1×10-3 Torr, we switch from the convection gauge to the ion gauge since the 

convection gauge cannot read pressures below 1×10-3 Torr. At full turbopump speed, the 

base pressure of the instrument is usually between 1×10-6 – 1×10-7 Torr.  

Once a pressure of approximately 1×10-5 Torr is achieved, LN2 is pumped into the 

cryoshroud directly from a LN2 cylinder. Fig. 8.5 shows a characteristic cryoshroud cooling 
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curve measured by a thermocouple attached to the surface of the cryoshroud. It takes 

approximately 20 – 25 minutes to cool the cryoshroud to a temperature of -150 °C. We note 

that the minimum temperature that we have observed is approximately -160 °C even when 

the cryoshroud is completely filled with LN2. Once the cryoshroud is cooled to -140 – -160 

°C, the instrument is ready for radiative emission measurements. 

 

Figure 8.5. Characteristic cryoshroud cooling curve over time with LN2, measured by a thermocouple attached 

to the surface of the cryoshroud.  

8.3.4 Measurement 

For a typical measurement, we set the optical velocity to 0.4747 or lower, the gain to 1.0, the 

number of scans to 100 or higher, the resolution to 2 (0.241 cm-1), and the range to 4000 – 

650 cm-1. We do not apply any atmospheric corrections, and we set the data output format to 

Single Beam. To observe sufficient signal strength, we heat the sample by setting the 

thermoelectric heater to 30 – 50 °C. 

To measure the spectrally and angularly resolved radiative emission, we make a 

measurement at each angle from 0 – 75°. The reason we measure up to 75° is because we 

find that the signal decreases at angles greater than 75° even when measuring a blackbody 
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reference. Since a Lambertian surface theoretically exhibits equal radiance at all angles, 

we know from this observation that the alignment of the sample becomes too poor at angles 

above 75° to make accurate measurements.  

It is important to note that for each measurement, we obtain the raw signal output from the 

FT-IR spectrometer. This means that we must perform a normalization in order to find the 

resulting emissivity of a sample. As such, for each sample that we measure, we also measure 

at the same angles and temperatures the corresponding radiative emission for a gold reference 

and a blackbody reference. Then, we can perform a basic normalization to calculate the 

spectrally and angularly resolved emissivity of the sample: 

𝜖𝑆𝑎𝑚𝑝𝑙𝑒(𝜆, 𝜃, 𝑇) =
𝐸𝑆𝑎𝑚𝑝𝑙𝑒(𝜆, 𝜃, 𝑇) − 𝐸𝐴𝑢(𝜆, 𝜃, 𝑇)

𝐸𝐵𝑙𝑎𝑐𝑘𝑏𝑜𝑑𝑦(𝜆, 𝜃, 𝑇) − 𝐸𝐴𝑢(𝜆, 𝜃, 𝑇)
(8.1) 

Where ESample is the raw emission signal of the sample, EAu is the raw emission signal of the 

gold reference, and EBlackbody is the raw emission signal of the blackbody reference. This 

normalization assumes that EAu represents the floor of the measurement and EBlackbody 

represents the ceiling of the measurement. Thus, Eq. 8.1 gives us the normalized direct 

radiative emission of a sample.  

8.3.5 Shut Down 

The shutdown procedure for the instrument involves warming up the cryoshroud, then 

venting the vacuum chamber. It is important to warm the cryoshroud to room temperature 

before venting the chamber to prevent condensation and ice formation on the cryoshroud. To 

warm the cryoshroud, we simply leave the instrument overnight until all of the LN2 

evaporates.  

To vent the vacuum chamber, we turn off the turbopump and wait for the pressure to rise to 

1×10-3 Torr. At 1×10-3 Torr, we switch from the ion gauge to the convection gauge since the 

ion gauge cannot operate safety at pressures above 1×10-3 Torr. Once the turbopump has 

fully stopped spinning, we turn the rough pump off and open the up-to-air vent valve. The 
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vent valve vents the chamber with gas nitrogen up to atmospheric pressure. Once at 

atmospheric pressure, the sample can be removed from the chamber.  

8.4 Direct Radiative Emission Measurements 

Using the procedure outlined in Section 8.3, we measure the spectrally and angularly 

resolved radiative emission of the Si3N4 nanoparticle film radiative coolers and the two-layer 

SiO2 and Si3N4 dense thin film radiative coolers previously discussed in Chapter 7. We report 

the results of measurements made at temperatures ranging from 30 – 50 °C and angles from 

0 – 75 °C. 

8.4.1 Preliminary Measurements 

We begin with measurements of the Si3N4 laminate nanoparticle film radiative cooling 

structures. Measurements were made at normal incidence at temperatures of 30, 40, and 50 

°C. To normalize the radiative emission data according to Eq. 8.1, we also made 

measurements of the gold and blackbody reference at normal incidence and 30, 40, and 50 

°C. Fig. 8.6 shows the normalized emissivity of two Si3N4 laminate nanoparticle films; one 

of the films was deposited on bare silver, while the other film was deposited on silver with a 

5 nm SiO2 passivation layer. 
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Figure 8.6. Normalized radiative emissivity of Si3N4 laminate nanoparticle films at normal incidence and 

temperatures of 30, 40, and 50 °C. The nanoparticle films were synthesized from a nonthermal plasma reactor 

with 400 raster passes on (a) bare silver substrate and (b) silver with 5 nm SiO2 passivation layer. 

From Fig. 8.6, we observe that from 8 – 14 µm, the spectral shape of the normalized 

emissivity extracted using our instrument matches well with the measured reflectivity of the 



 

 

197 

Si3N4 laminate nanoparticle films from FT-IR reflectivity (Fig. 7.20). This suggests that 

the instrument can measure the direct radiative emission of samples accurately. We note that 

the normalized emissivity becomes noisy below 6 µm because the MCT-A detector signal 

drops to nearly 0 at this wavelength range.  

To test the precision of the instrument across different days, we replicated the entire 

measurement and compared the new measurement results with the results shown in Fig. 8.6. 

Fig. 8.7 compares the normalized emissivity of the two Si3N4 laminate nanoparticle films 

obtained on different days at normal incidence, 30, 40, and 50 °C. The gold and blackbody 

references were also re-measured for the normalization. 
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Figure 8.7. Comparison of the normalized radiative emissivity of Si3N4 laminate nanoparticle films, on either 

(a) bare silver substrate or (b) silver with 5 nm SiO2 passivation layer, at normal incidence and temperatures of 

30, 40, and 50 °C from two separate measurements made on different days. 
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From Fig. 8.7, we observe that the spectral shape of the normalized emissivity is broadly 

preserved. This suggests that the alignment of the instrument does not drift over time and 

that the instrument results are robust and reproducible. Using the results from Fig. 8.6 and 

the equations discussed in Section II, we can calculate the terrestrial radiative cooling power 

of the Si3N4 laminate nanoparticle films. We find that the predicted cooling power for the 

nanoparticle film on passivated silver is approximately 32.6, 61.1, and 82.4 W/m2 when the 

film is at 30, 40, and 50 °C, respectively. 

Next, we measure the angle-resolved radiative emission of the Si3N4 laminate nanoparticle 

films. We measure the films from 0 – 75° at 50 °C with an angle resolution of 2°. For the 

normalization, we also measure the gold and blackbody references from 0 – 75° at 50 °C. 

Fig. 8.8 shows the normalized spectrally and angularly resolved radiative emission of a Si3N4 

laminate nanoparticle film on silver with 5 nm SiO2 passivation layer.  

 

Figure 8.8. Normalized spectrally and angularly resolved radiative emission of a Si3N4 laminate nanoparticle 

film on silver with 5 nm SiO2 passivation layer from 0 – 75° with 2° angular resolution at a temperature of 50 

°C.  
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We note several features of the normalized emissivity from Fig. 8.8. First, we observe 

that the normalized emissivity exceeds 1 at certain wavelengths/angles. While this is not 

physically possible, it means experimentally that the laminate nanoparticle film measured a 

higher radiative emission signal at these wavelengths/angles compared to the blackbody 

reference. Second, we observe that as the angle increases, the spectral features broaden and 

flatten compared to the spectral shape at normal incidence. Combined, these observations 

suggest that the instrument alignment becomes less focused as the angle increases.  

We also present the data in a polar plot to show the angular dependence of the radiative 

emission. From the characterization of nanoparticle films performed in Section II, we expect 

the film to be optically isotropic and Lambertian. We use the following equation to calculate 

the angularly resolved emissivity of the sample: 

𝜖𝑆𝑎𝑚𝑝𝑙𝑒(𝜃, 𝑇) = ∫
𝐸𝑆𝑎𝑚𝑝𝑙𝑒(𝜆, 𝜃, 𝑇) − 𝐸𝐴𝑢(𝜆, 𝜃, 𝑇)

𝐸𝐵𝑙𝑎𝑐𝑘𝑏𝑜𝑑𝑦(𝜆, 𝜃, 𝑇) − 𝐸𝐴𝑢(𝜆, 𝜃, 𝑇)

14 𝜇𝑚

8 𝜇𝑚

𝑑𝜆 (8.2) 

Using Eq. 8.2, we plot the angularly resolved emissivity of the Si3N4 laminate nanoparticle 

film on silver with 5 nm SiO2 passivation layer in Fig. 8.8.  



 

 

201 

 

Figure 8.9. Normalized average angularly resolved radiative emission from 8 – 14 µm of a Si3N4 laminate 

nanoparticle film on silver with 5 nm SiO2 passivation layer from 0 – 75° with 2° angular resolution at a 

temperature of 50 °C. Note that a cos(θ) factor is applied to the result. The Cosine curve represents the radiative 

intensity of a perfectly Lambertian blackbody. 

We can see that in Fig. 8.9, the trend of the angularly resolve radiative emission of the 

nanoparticle film appears Lambertian. The reason the intensity of the film is less than the 

blackbody is because the films do not have an emissivity of 1 across the entire 8 – 14 µm 

wavelength regime. In other words, Fig. 8.9 shows the angle-dependent average radiative 

emissivity of the nanoparticle films from 8 – 14 µm. To express the Lambertian behavior of 

the nanoparticle films in more detail, Fig. 8.10 shows the angularly resolved emissivity of 

the Si3N4 laminate nanoparticle film at specific wavelengths. 
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Figure 8.10. Normalized angularly resolved radiative emission at specific wavelengths of a Si3N4 laminate 

nanoparticle film on silver with 5 nm SiO2 passivation layer from 0 – 75° with 2° angular resolution at a 

temperature of 50 °C. Note that a cos(θ) factor is applied to the result. The Cosine curve represents the radiative 

intensity of a perfectly Lambertian blackbody. 

We can see from Fig. 8.10 that the radiative emission of the nanoparticle films is strongest 

at 9 µm as expected. Furthermore, the radiative emission appears Lambertian since it follows 

the Cosine curve.  

Next, we re-measure the angle-resolved radiative emission of the Si3N4 laminate nanoparticle 

films with higher angular resolution. We measure the films from 0 – 75° at 50 °C with an 

angle resolution of 1°. We also re-align the instrument since Fig. 8.8 suggested that the 

instrument was not well-aligned at high angles. Once again, for the normalization, we must 

re-measure the gold and blackbody references from 0 – 75° at 50 °C. Fig. 8.11 shows the 

normalized spectrally and angularly resolved radiative emission of a Si3N4 laminate 

nanoparticle film on silver with 5 nm SiO2 passivation layer at these measurement 

parameters. 
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Figure 8.11. Normalized spectrally and angularly resolved radiative emission of a Si3N4 laminate nanoparticle 

film on silver with 5 nm SiO2 passivation layer from 0 – 75° with 1° angular resolution at a temperature of 50 

°C. 

Comparing Fig. 8.11 with Fig. 8.8, we observe that the normalized emissivity in Fig. 8.11 is 

closer to 1 at most wavelengths/angles. We also observe that as the angle increases, the 

spectral features do not broaden and flatten as much compared to the previous measurement. 

These observations strongly suggest that the instrument alignment is improved compared to 

the previous measurement. However, these results suggest that the alignment can still be 

improved further. 

Using Eq. 8.2, we calculate and plot the average angularly resolved emissivity of the 

measurement from 8 – 14 µm. Fig. 8.12 shows the angularly resolved emissivity of the Si3N4 

laminate nanoparticle film on silver with 5 nm SiO2 passivation layer.  
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Figure 8.12. Normalized average angularly resolved radiative emission from 8 – 14 µm of a Si3N4 laminate 

nanoparticle film on silver with 5 nm SiO2 passivation layer from 0 – 75° with 1° angular resolution at a 

temperature of 50 °C. Note that a cos(θ) factor is applied to the result. The Cosine curve represents the radiative 

intensity of a perfectly Lambertian blackbody. 

We also plot the angularly resolved emissivity of the Si3N4 laminate nanoparticle film at 

specific wavelengths in Fig. 8.13.  
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Figure 8.13. Normalized angularly resolved radiative emission at specific wavelengths of a Si3N4 laminate 

nanoparticle film on silver with 5 nm SiO2 passivation layer from 0 – 75° with 1° angular resolution at a 

temperature of 50 °C. Note that a cos(θ) factor is applied to the result. The Cosine curve represents the radiative 

intensity of a perfectly Lambertian blackbody. 

Once again, we can see from Fig. 8.12 – 8.13 that the nanoparticle film exhibits Lambertian 

behavior, especially at its strongest emission peak at 9 µm. Interestingly, we notice a decrease 

in the intensity of the normalized radiative emission at angles near 0°. This is because we are 

observing the effect of the cryoshroud and aperture on the measurement. 

To explain why we observe this effect, we note two observations. First, the measured 

blackbody radiative emission signal does not change with angle. Second, the measured gold 

radiative emission signal is highest at angles near 0°, and then it decreases to a low constant 

emission signal from approximately 7 – 75°. The blackbody radiative emission does not 

change with angle because the blackbody reference itself radiates at the highest possible 

emission strength at all wavelengths and angles; therefore, any external source of radiative 

thermal emission reflecting off the blackbody reference cannot overpower the intrinsic 
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radiative emission from the blackbody reference. Conversely, since the gold reference 

radiates at the lowest possible emission strength for all wavelengths and angles, it reflects all 

specular thermal radiative emission from the environment into the detector. From 7 – 75°, 

the gold reference faces the cryoshroud which has a low radiative emission compared to a 

room temperature ambient. This is why we observe the decrease in the measured gold 

radiative emission signal at these angles. However, from approximately 0 – 7°, the gold 

reference reflects room temperature ambient radiative emission from outside the chamber 

into the detector. This results in an increase in the measured gold radiative emission signal. 

From Eq. 1, we can see that from 0 – 7°, the gold reference effectively raises the floor of the 

measurement, but the blackbody reference does not raise the ceiling of the measurement. As 

a result, the normalized radiative emission of a partially reflective sample will be lower than 

expected at these angles, which is the phenomenon that we observe in the measurement of 

the nanoparticle films in Fig. 8.12 – 8.13. Furthermore, we observe that this effect disappears 

at 9 µm because this is where the nanoparticle film behaves most like a blackbody. While 

this is correctable by introducing an extra term to the normalization, we leave this here as an 

observation of the systematic error of the instrument (To correct this, we must find and 

subtract out the ambient radiative thermal emission contribution to the signal. This can be 

done by measuring the radiative emission of a cryogenically cooled gold reference. This 

removes the radiative emission contribution from the gold reference and allows us to measure 

the total ambient radiative thermal emission reflecting into the detector.). 

8.4.2 Si3N4 Laminate Nanoparticle Films 

Following the preliminary results, we re-align the instrument and measure the spectrally and 

angularly resolved radiative emission of the Si3N4 laminate nanoparticle films from 0 – 75° 

with an angular resolution of 1°, and at temperatures of 30, 40, and 50 °C. As usual, we 

perform the same measurement on the gold and blackbody references. We increase the 

number of scans to 200 to improve the signal-to-noise ratio. Fig. 8.14 shows the normalized 

spectrally and angularly resolved radiative emission of a Si3N4 laminate nanoparticle film on 

silver with 5 nm SiO2 passivation layer with these measurement parameters. Fig. 8.15 shows 
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the angularly resolved emissivity of the Si3N4 laminate nanoparticle film at specific 

wavelengths and across the 8 – 12 µm wavelength regime. 
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Figure 8.14. Normalized spectrally and angularly resolved radiative emission of a Si3N4 laminate nanoparticle 

film on silver with 5 nm SiO2 passivation layer from 0 – 75° with 1° angular resolution at temperatures of (a) 

30 °C, (b) 40 °C, and (c) 50 °C. 
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Figure 8.15. Normalized angularly resolved radiative emission of a Si3N4 laminate nanoparticle film on silver 

with 5 nm SiO2 passivation layer from 0 – 75° with 1° angular resolution at temperatures of (a) 30 °C, (b) 40 

°C, and (c) 50 °C. Shown is the radiative emission at specific wavelengths as well as the average radiative 

emission from 8 – 12 µm. Note that a cos(θ) factor is applied to the result. The Cosine curve represents the 

radiative intensity of a perfectly Lambertian blackbody. 
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From Fig. 8.14, we can see that the instrument alignment is significantly improved 

compared to the preliminary measurements. The instrument alignment appears improved 

because the normalized emissivity is below 1 for all wavelengths/angles as expected, and the 

spectral shape of the emissivity exhibits minimal flattening and broadening. In Fig. 8.15, we 

observe that the nanoparticle film exhibits Lambertian behavior as expected from the 

ellipsometry characterization of these nanoparticle films in Chapter 7. Once again, we 

observe the decrease in normalized radiative emission at angles near 0°. Compared to the 

preliminary measurements, we also observe in Fig. 8.15 a better signal-to-noise ratio. 

Interestingly, we directly see the effect of sample temperature on the signal-to-noise ratio; as 

the temperature increases, the curves become smoother. 

8.4.3 SiO2 and Si3N4 Dense Laminate Thin Film 

Using the same alignment and measurement setup from Section 8.4.2, we measure the 

spectrally and angularly resolved radiative emission of the SiO2 and Si3N4 dense laminate 

thin film radiative cooling structures reported in Chapter 7 from 0 – 75° with an angular 

resolution of 1° and at temperatures of 30, 40, and 50 °C. We use the same gold and 

blackbody reference measurements from Section 8.4.2 to perform the normalization for these 

samples.  

Fig. 8.16 shows the normalized spectrally and angularly resolved radiative emission of the 

two-layer 200 nm Si3N4 / 1200 nm SiO2 dense thin film on silver substrate. Fig. 8.17 shows 

the angularly resolved emissivity of the Si3N4 / SiO2 dense thin film at specific wavelengths 

and across the 8 – 12 µm wavelength regime. 

Fig. 8.18 shows the normalized spectrally and angularly resolved radiative emission of the 

two-layer 700 nm SiO2 / 800 nm Si3N4 dense thin film on silver substrate. Fig. 8.19 shows 

the angularly resolved emissivity of the SiO2 / Si3N4 dense thin film at specific wavelengths 

and across the 8 – 12 µm wavelength regime. 
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Figure 8.16. Normalized spectrally and angularly resolved radiative emission of a 200 nm Si3N4 / 1200 nm SiO2 

dense thin film radiative cooling structure on silver substrate from 0 – 75° with 1° angular resolution at 

temperatures of (a) 30 °C, (b) 40 °C, and (c) 50 °C. 
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Figure 8.17. Normalized angularly resolved radiative emission of a 200 nm Si3N4 / 1200 nm SiO2 dense thin 

film radiative cooling structure on silver substrate from 0 – 75° with 1° angular resolution at temperatures of (a) 

30 °C, (b) 40 °C, and (c) 50 °C. Shown is the radiative emission at specific wavelengths as well as the average 

radiative emission from 8 – 12 µm. Note that a cos(θ) factor is applied to the result. The Cosine curve represents 

the radiative intensity of a perfectly Lambertian blackbody. 
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Figure 8.18. Normalized spectrally and angularly resolved radiative emission of a 700 nm SiO2 / 800 nm Si3N4 

dense thin film radiative cooling structure on silver substrate from 0 – 75° with 1° angular resolution at 

temperatures of (a) 30 °C, (b) 40 °C, and (c) 50 °C. 
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Figure 8.19. Normalized angularly resolved radiative emission of a 700 nm SiO2 / 800 nm Si3N4 dense thin film 

radiative cooling structure on silver substrate from 0 – 75° with 1° angular resolution at temperatures of (a) 30 

°C, (b) 40 °C, and (c) 50 °C. Shown is the radiative emission at specific wavelengths as well as the average 

radiative emission from 8 – 12 µm. Note that a cos(θ) factor is applied to the result. The Cosine curve represents 

the radiative intensity of a perfectly Lambertian blackbody. 
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From Fig. 8.16 and 8.18, we see that the spectral shape of the radiative emission of the 

two-layer dense laminate thin film structures measured by our instrument matches the 

spectral shape from the FT-IR reflectivity measurement of the structures (Fig. 7.8 – 7.9). 

Furthermore, Fig. 8.17 and 8.19 show that the films exhibit Lambertian behavior as 

expected. Once again, we observe the decrease in normalized radiative emission at angles 

near 0°. We also see an increase in the signal-to-noise ratio as the sample temperature 

increases. 

We note that the normalized spectrally and angularly resolved radiative emission for both 

structures at 30 °C appears different compared to 40 °C and 50 °C. We believe the cause of 

this phenomenon is similar to the explanation for the decrease in normalized radiative 

emission at angles near 0°. Essentially, the measured gold radiative emission signal is 

independent of temperature, while the measured blackbody radiative emission signal is 

strongly dependent on the temperature. Therefore, at 30 °C, the blackbody signal lowers the 

measurement ceiling, causing emission peaks to be accentuated in the normalization, because 

a small difference in the measured emission signal of the sample results in a larger difference 

in the normalized emissivity when the total measurement range is small. At 40 °C and 50 °C, 

the increase in the measurement ceiling results in an increased total measurement range 

which causes this effect to disappear. 

Finally, we calculate the predicted terrestrial radiative cooling power of these radiative 

cooling structures using the equations and procedures discussed throughout Section II. Table 

8.1 lists the predicted terrestrial cooling power of each radiative cooling structure at 30, 40, 

and 50 °C. From these results, we can see that all the radiative cooling structures perform 

similarly. 
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Table 8.1. Calculated terrestrial radiative cooling power of various radiative cooling 

structures from spectrally and angularly resolved direct radiative emission measurements. 

Radiative Cooling Structure Temperature 

[°C] 

Calculated Cooling Power 

[W/m2] 

Si3N4 Laminate  

Nanoparticle Film 

30 20 

40 51 

50 76 

200 nm Si3N4 / 1200 nm SiO2 

dense thin film 

30 19 

40 47 

50 77 

700 nm SiO2 / 800 nm Si3N4 

dense thin film 

30 16 

40 47 

50 75 

 

8.5 Summary and Conclusion 

In this chapter, we presented a new instrument for simultaneous measurement of the 

spectrally and angularly resolved direct radiative emission and surface temperature of 

radiative cooling structures. We reported the design specifications and considerations which 

gave rise to the instrument reported. We discussed the operating procedure of the instrument, 

including the alignment process and measurement parameters. Using the instrument, we 

presented direct radiative emission results for the Si3N4 laminate nanoparticle film and the 

two-layer SiO2 and Si3N4 dense laminate thin film radiative cooling structures. From the 

results, we showed that the instrument can reproducibly measure the thermal radiative 

emission of the structures and that the results match well with the FT-IR reflectivity 

measurements for these same structures. Furthermore, we showed directly that the structures 

exhibit Lambertian thermal emission as expected. We discussed limitations with the current 

instrument setup. Finally, using the direct radiative emission results, we calculated the 

predicted cooling power of each of these radiative cooling structures. This chapter concludes 

Section III: Direct Spectrally and Angularly Resolved Radiative Emission Measurements. 
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8.6 Supplemental Information 

 

Figure S8.1. Normalized angularly resolved radiative emission of a Si3N4 laminate nanoparticle film on silver 

with 5 nm SiO2 passivation layer from 0 – 75° with 1° angular resolution at temperatures of (a) 30 °C, (b) 40 

°C, and (c) 50 °C. Shown is the radiative emission at specific wavelengths as well as the average radiative 

emission from 8 – 12 µm. The Cosine curve represents the radiative intensity of a perfectly Lambertian 

blackbody. 
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Figure S8.2. Normalized angularly resolved radiative emission of a 200 nm Si3N4 / 1200 nm SiO2 dense thin 

film radiative cooling structure on silver substrate from 0 – 75° with 1° angular resolution at temperatures of (a) 

30 °C, (b) 40 °C, and (c) 50 °C. Shown is the radiative emission at specific wavelengths as well as the average 

radiative emission from 8 – 12 µm. The Cosine curve represents the radiative intensity of a perfectly Lambertian 

blackbody. 
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Figure S8.3. Normalized angularly resolved radiative emission of a 700 nm SiO2 / 800 nm Si3N4 dense thin film 

radiative cooling structure on silver substrate from 0 – 75° with 1° angular resolution at temperatures of (a) 30 

°C, (b) 40 °C, and (c) 50 °C. Shown is the radiative emission at specific wavelengths as well as the average 

radiative emission from 8 – 12 µm. The Cosine curve represents the radiative intensity of a perfectly Lambertian 

blackbody. 
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C h a p t e r  9  

CLOSING REMARKS 

9.1 Summary 

This thesis has presented work on exploring and advancing the use of photonics for tackling 

current sustainability challenges.  

In Section I, we presented work on the development, fabrication, and characterization of a 

metal AR coated selective solar absorber designed to efficiently collect and convert solar 

energy into usable thermal energy. The fabricated absorber had a solar absorptivity of 49.2% 

and an infrared reflectivity of 11.7% with a maximum theoretical temperature of 249 °C 

under 1 sun intensity. We discussed the design considerations and challenges involved in 

building a scalable solar driven photothermal reactor for thermocatalytic reactions, and we 

reported work on the thermal analysis and construction of such a system. At the same time, 

we explored Ni-catalyzed ethylene oligomerization as an alternative low-energy direct 

pathway for synthesizing sustainable aviation fuels from CO2 compared to current industrial 

methods. At the intersection of this work between photonics, thermal design, and 

thermocatalysis, we demonstrated the synthesis of hydrocarbon fuels with carbon chain 

lengths ranging from C6 – C26 from ethylene gas, powered completely by sunlight. Under 3 

sun intensity (3000 W/m2), we reported a batch mode homogeneous Ni-catalyzed ethylene 

oligomerization producing C6 – C26 carbon chain length 1-alkenes with an ethylene 

conversion efficiency of 18.5%, and a flow mode heterogeneous Ni-catalyzed ethylene 

oligomerization producing butenes and hexenes with an ethylene conversion efficiency of 

25%. This work introduces a new selective solar absorber and solar driven photothermal 

reactor design, and it is one of the earliest demonstrations of solar driven ethylene 

oligomerization for sustainable aviation fuel synthesis.  

In Section II, we presented work on the characterization of laminate nanoparticle films 

deposited from a nonthermal plasma reactor. Optically, we showed that laminate 
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nanoparticle films were accurately represented by the Bruggeman effective medium 

approximation. Based on this observation, we extended the use of laminate nanoparticle films 

as designs for efficient terrestrial daytime radiative coolers, or selective radiators which 

passively cool below ambient by emitting infrared thermal radiation directly into space. 

Exploiting the nanoparticle film properties, we designed and optimized two-layer SiO2 and 

Si3N4 laminate nanoparticle films for radiative cooling, and we reported design parameters 

for nanoparticle film structures which achieve cooling powers around 70 W/m2, competitive 

with other leading reports. Experimentally, we characterized and fabricated Si3N4 laminate 

nanoparticle film and two-layer SiO2 and Si3N4 dense laminate thin film radiative cooling 

structures with cooling powers near 40 W/m2. This work introduces a new scalable laminate 

nanoparticle film radiative cooling design fabricated using nonthermal plasma synthesis and 

competitive with leading radiative cooling reports, and it reports the fabrication and 

characterization of these structures.  

In Section III, we presented work on the construction of a new instrument for spectrally and 

angularly resolved direct radiative emission measurements which facilitates cross-

comparisons between radiative cooling reports. We recognized a need for a controlled 

ambient and measurement procedure, and we reported a new instrument to fulfill these needs. 

Using this instrument, we directly observed the radiative thermal emission of our Si3N4 

laminate nanoparticle film and two-layer SiO2 and Si3N4 dense laminate thin film radiative 

cooling structures near room temperature. Significantly, this work also presents a new 

instrument to aid the study of thermal emission of photonic structures outside of radiative 

cooling applications. The ability to measure both spectrally and angularly resolved emission 

means that the instrument can be used to study photonic structures which exhibit anisotropic, 

non-Lambertian, directed, or other interesting thermal emission properties.  

9.2 Outlook 

Despite the contributions reported in this thesis, many improvements and challenges remain 

to be addressed and explored in the future. 
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For the photothermal reactor, improvements can be made to its thermal performance. In 

the case of the selective solar absorber, work can be done to improve either the solar 

absorptivity or decreasing the infrared reflectivity of the design or improve the fabrication 

process so that the fabricated wafer optical properties match the theoretical optical properties 

better. For the reactor itself, much heat is currently lost to the edges due to its small-scale 

construction. Future improvements to the design can better thermally isolate the selective 

solar absorber and thermocatalytic reaction zone. Improvements can include adding another 

vacuum layer below the thermocatalytic zone, decreasing the distance between the selective 

solar absorber and the thermocatalytic reaction zone, or coupling the selective solar absorber 

and catalyst together in the same space. The thermal mass of the reactor can also be decreased 

to improve the heating rate. These improvements would increase the accessible temperature 

at the catalyst site, enabling higher ethylene conversion efficiency or even unlock new 

reactions such as hydroformylation and Fischer-Tropsch which have higher temperature 

requirements. Finally, future work on this project may explore coupling the photothermal 

reactor to a solar driven photoelectrochemical (PEC) cell in a tandem setup; in such a setup, 

CO2 would be reduced to ethylene gas in the PEC cell, and then the effluent ethylene gas 

would be converted to hydrocarbon fuels in the photothermal reactor. This would 

demonstrate a completely solar driven pathway from CO2 to sustainable aviation fuels.  

For the direct radiative emission instrument, significant improvements can be made towards 

expediting its operation. First, the motorized rotary shaft and FT-IR spectrometer 

measurements can be automated to create automated batch measurements. Currently, each 

measurement is started manually, and the motorized rotary shaft is programmed manually 

for each angle. Second, a multi-axis motorized stage can be introduced to the system; this 

would greatly simplify the current sample mounting and alignment procedure which is done 

manually. Third, the use of a multi-axis stage would allow for multiple samples to be 

mounted inside the chamber simultaneous. By translating the stage laterally, multiple 

samples can be measured in a single day operation without needing to vent/pump the 

chamber or warm/cool the cryoshroud. Currently, the gold reference, blackbody reference, 
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and sample all need to be mounted and measured separately, with each involving its own 

vent/pump and warm/cool cycle.  

Improvements can also be made to enhance the capabilities of the instrument. A bandpass 

filter and a solar simulator can be introduced into the instrument to stimulate a terrestrial 

environment. Currently, the instrument with its cryoshroud simulates a controlled space 

environment. By introducing a solar simulator source and a bandpass filter into the vacuum 

chamber, we can create a controlled daytime terrestrial environment for measuring the 

radiative power and equilibrium surface temperature of radiative cooling structures. In this 

case, the solar simulator would simulate sunlight incident on the sample and the bandpass 

filter would simulate the atmospheric transmission window. This was a major direction in 

the original instrument design, but it was ultimately faced with numerous engineering 

challenges which prevented it from being implemented into the current instrument setup. 

Particularly challenging was importing a solar source into the vacuum chamber which could 

provide both a spectrally accurate spectrum and an intensity of 1 sun (1000 W/m2).  

Finally, the instrument can be improved to detect radiative emission from samples at 

temperatures below room temperature. This is also a particularly challenging improvement 

because it requires the entire optical setup to be cryogenically cooled. This is because the 

radiative thermal emission from the ambient environment and the components of the FT-IR 

spectrometer itself currently overpower any radiative emission signal from samples below 

room temperature. If the instrument were improved such that it could detect radiative 

emission below room temperature and simulate a controlled daytime terrestrial environment 

at the same time, then one could measure the surface temperature and direct radiative 

emission of a radiative cooling structure from room temperature all the way down to its 

minimum equilibrium temperature, a feat which remains undemonstrated in literature. 
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