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Abstract 

 In this work, disc metamaterials emitter was designed from silver and titanium dioxide by 

using COMSOL Multiphysics software for radiative cooling application. We have enhanced 

the broadband emission and high radiative cooling power by optimizing the geometric 

parameters such as radius of disc, thickness of dielectric and the width of the unit cell, while 

the parameters such as height of disc and the thickness of ground metal were fixed. In the 

calculation part, we considered temperature changes caused by atmospheric and surface 

radiation. The numerical simulation results showed that the designed metamaterial emitter 

had an average emissivity of 0.895 (89.5 %) within the atmospheric transparency window, 

which ranged from 8 - 13 µm. Eventually, our designed metamaterial emitter presents the 

potential to achieve a radiative cooling power of 200.4 W/m
2
 at ambient temperature (300 K) 

and yields a potential to reach an equilibrium temperature of 268.25 K. Even the designed 

metamaterial emitter holds the potential of cooling down 31.75 °C below the ambient 

temperature. Over all, in this work, selective metamaterial emitter had high radiative cooling 

power performance at ambient temperature. Based on our research work, such metamaterial 

emitters had the potential to emerge as a key element for the realization of energy-efficient 

radiative cooling devices. Therefore, this work further promotes the development of metal-

dielectric-metal based passive radiative coolers. 
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1 Introduction 

1.1 Background of the Study 

The word “Metamaterial” is the combination of two terms: Meta (whose meaning in Greek is 

“beyond”) indicates that it exhibit properties not available in nature, and material means that 

it is constituted of permittivity and permeability. Metamaterials are artificially engineered or 

structured composite materials to provide properties which “may not be readily available in 

nature”. They can yield a desired permittivity or permeability through adjustment of the size 

and geometry of structures which have a variety of applications in the field of light trapping 

and manipulation. Metamaterials electromagnetic properties are described based on the 

effective parameters and these materials usually gain their properties from structure rather than 

composition (Zhou et al., 2021; Mendhe & Kosta, 2011). 

Metamaterials are artificial structures which can realize various optical properties that do not 

exist in nature and have been developed with the advancement of high-level Nano fabrication 

methods to create perfect absorbers, reflectors and spectral filters (Mendhe & Kosta, 2011; 

Zhou et al., 2021). Metamaterials have demonstrated the ability to achieve exotic properties 

difficult to attain with nature materials. One extraordinary property explored early on in 

metamaterials research is negative refractive index theoretically predicted in 1968 and 

experimentally demonstrated after 2000. Since then, research into metamaterials has grown 

enormously resulting in many novel phenomena including invisibility cloaks and perfect 

lenses. An interesting use of metamaterials has been development of the so called „„perfect 

absorber‟‟, which exhibits the ability to yield near-unity (100 %) absorptivity in nearly any 

frequency range. According to Kirchhoff‟s law of thermal radiation, at equilibrium the 

emissivity of a material is equal with its absorptivity. Therefore, in principle metamaterial 

perfect absorbers radiate energy as described by their absorptivity, at a given temperature. 

Because of the resonant nature of metamaterials the perfect absorber yields sharp resonances 

with high absorption, thus suggesting their use as high heat emitters with high emissivity (X. 

Liu et al., 2011; Sun et al., 2017). 

RC is a passive thermodynamic mechanism through which the temperature of the Earth is kept 

stable (Jaramillo-fernandez et al., 2019). It is a common process of dissipating terrestrial heat 
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to outer space via the atmospheric sky window with thermal wavelength ranging from 8 - 13 

μm, without external energy input and production of environmental pollutants. Since, the 

Earth surface temperature is generally around 300 K, while the universe one is 3 K, their 

significant temperature difference provides incredible potential for the free cooling (Wenxin 

Li et al., 2020). 

Radiative cooling is an energy saving cooling technology and is achieved when the grating 

structure emits infrared radiant heat energy into outer space through an atmospheric window 

(8 - 13 μm) (Zhu et al., 2021). The radiation cooling effect is low for the simple grating 

structure due to its low absorptivity. It plays an important role in saving energy, which has 

been extensively studied. Compared with other cooling technologies, radiative cooling can 

dissipate the heat without input of electrical energy, which is more favorable to saving energy. 

Different from the traditional object cooling method, the cooler is required to have a large 

emissivity in the entire radiation spectrum, the radiative cooler requires heat exchange within a 

specific spectral range. The selective radiation of the radiator can effectively emit heat into 

outer space. During the day time the simple radiator is heated by the sun, so that the radiator 

cannot be cooled. If the radiator is non-absorbing in the solar spectrum, it will work under 

direct sun-light day time. Therefore, the key of radiative cooling is obtaining good selective 

radiation characteristics that must have a high emissivity in the atmospheric window between 

8 - 13 μm (Sun et al., 2017; 
 
Dai et al., 2020). 

A passive cooling technique that cools without power input, therefore make a great difference 

in energy conservation and emissions reduction. Such strategies do not need to cover all of the 

cooling loads of a space, but should be able to ease the reliance on conventional systems. 

Passive radiative cooling (PRC) possesses enticing potential for reducing energy use in 

buildings and is one of the viable alternatives in this regard. It is a natural method of cooling 

buildings in least expensive, and it mainly depends on interaction of building and its 

surrounding (M. Li et al., 2019; Santoso et al., 2020). The universe can be utilized as a sink for 

heat pumping by means of passive radiative cooling (Lu et al., 2016).  

Radiative heat transfer is the most common form of energy transport in the universe. 

Practically, all objects at finite temperatures emit electromagnetic radiation. From the thermal 
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radiation point of view, the outer space behaves as a blackbody at a temperature close to 

absolute zero. Such a low temperature makes the universe as the ultimate heat sink. The 

Earth's atmosphere is a mixture of several gases, mostly N2, O2, CO2, and water vapor. It is a 

semi-transparent medium that can absorb, emit and scatter radiation. The radiative properties 

of the atmosphere are strongly dependent on the wavelength. The clear sky atmosphere has a 

transparency window for electromagnetic radiation in the 8 - 13 µm wavelength range, 

particularly when the humidity is low. This atmospheric window also coincides with the peak 

thermal radiation wavelengths at typical ambient temperatures. Therefore, if an appropriate 

surface thermal radiative properties are met and under proper atmospheric conditions, it is 

possible to dissipate heat from a terrestrial structure to the outer space by radiation. The key 

requirement for sub-ambient temperature radiative cooling is emitting radiation selectively 

within the atmospheric window and suppressing emission for wavelengths outside this range 

(Zeyghami et al., 2018). 

1.2 Statement of the Problem 

The Earth‟s atmosphere is almost transparent to the emitted radiation from an object, between 

the wavelengths of 8 - 13 µm. This means that almost all radiative energy within this band can 

be easily lost to the sky and helps the objects cool off. This wavelength interval is called the 

“atmospheric window”. The key to obtain radiative cooling is to create an imbalance between 

the absorbed radiation from the environment and the heat radiated outwards through the 

atmospheric window (Family, 2018). One of the key challenges is designing an emitter that 

emits light or electromagnetic radiation in certain wavelength ranges. Overall, many efforts 

have been dedicated to design and optimize the high infrared emission within the required 

atmospheric window of 8 - 13 µm wavelength range. In this study, we have improved the 

performance of metamaterials emitter for radiative cooling application, with the aim to 

understand how to improve its associated problems of manufacturing and design for radiative 

cooling applications. But, the realization of such ideal emitters for effective radiative cooling 

has always been a challenge. The largest cooling power demand usually occurs at daytime 

under the direct sunlight, which is more challenging due to the incident solar irradiation. 

However, earlier works are limited to night-time cooling because it is difficult to 
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simultaneously realize high reflectivity in the solar spectrum and high emissivity in the 

atmospheric transparency window (Ulian & Owen, 2020). 

1.3 Objective of the Study 

1.3.1 General Objective 

The main objective of this study is to investigate high performance of metamaterials emitter to 

improve radiative cooling application. 

1.3.2 Specific Objectives 

The specific objectives are:- 

 To achieve nearly perfect emissivity in atmospheric transparency window (8 ‐ 13 µm). 

 To design high emitter metamaterials for radiative cooling. 

 To decrease the emissivity outside the atmospheric transparency window (8 ‐ 13 µm). 

 To enhance the radiative cooling power performance of metamaterial. 

1.4 Significance of the Study 

In general, this work will contribute to the knowledge for future development of metamaterial 

emitter for radiative cooling system. This study is concerned about numerical study of high 

emissivity metamaterials for radiative cooling application. It was used to solve the radiative 

cooling problems, especially for building cooling without any additional energy supply to 

selectively radiate within the required atmospheric transparency window from wavelengths 8 - 

13 μm and suppress the incoming atmospheric radiation outside the window. Metal-dielectric-

metal (MDM) structure is the simplest design to solve the cooling problem. From this type of 

material, will be expected to have significant of raising public interest in the development of 

radiative cooling, contribution to acquire fundamental knowledge for better understanding of 

radiative cooling, and furthermore it may help as a document for the future researchers those 

study on this area.  



 

5 
 

1.5 Limitation of the Study 

Doing research is not such an easy task rather there are a lot of challenges. One of the faced 

problems is lack of large Computer processor. 

1.6 Outline of the Thesis 

The thesis is organized in five chapters and each chapter will discuss on different issues 

related to the thesis. Chapter 1: Under this chapter we describe in detail the background of the 

study, statement of the problem, objective of the study, significance of the study and limitation 

of the study. Chapter 2: This chapter focuses on the review from previous studies that was 

made helpful to gain knowledge and to understand where we are going to study. Chapter 3: 

This chapter gives the description about the methods and mechanisms used for our study. 

Chapter 4: Results and discussion of the study are addressed in this chapter.  Chapter 5: 

Finally, a conclusion of the results obtained in the work and a proposed recommendation of a 

future work is presented under this chapter. 
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2 Literature Review 

2.1 Historical Background for Radiative Cooling 

Cooling represents a significant sector of energy consumption (Jyotirmoy Mandal et al., 2020; 

Ulian & Owen, 2020). Pumping heat radiatively from the Earth to outer space is a promising 

mechanism to reduce the temperature of Earth surface especially under direct solar irradiation, 

which can be widely applied to thermal management of buildings, human beings and cooling 

solar cells. According to the thermodynamic principle, two objects with different temperature 

can exchange heat energy in the form of radiation; eventually the temperature of the two 

objects ideally becomes equal. The Earth‟s atmosphere has three transparency windows in the 

range of 4 - 5 µm, 8 - 13 µm and 16 - 26 µm, which can be applied for pumping heat to outer 

space (Wu et al., 2018).  

However, only the latter two windows can be utilized for the cooling purpose due to the 

spectrum overlapping with the blackbody radiation. Over the past few decades, night-time 

radiation cooling has been studied extensively, and its feasibility has been successfully tested 

by researchers. The films of polymers, pigmented paints, metal oxides, and gas slabs as well 

as multilayer semiconductors and metal-dielectric photonic structures, which only strongly 

emit in the transparency windows, have been proposed for nocturnal radiative cooling. 

However, the largest cooling power demand usually occurs at day time under the direct 

sunlight, which is more challenging due to the incident solar irradiation (Ong et al., 2019). 

The Earth‟s atmosphere has a transparency window for electromagnetic waves between 8 - 13 

μm that coincides with peak thermal radiation wavelengths at typical ambient temperatures. 

By exploiting this window one can cool a body on the Earth‟s surface by radiating its heat 

away into cold outer space. This radiative cooling mechanism is attractive to energy efficiency 

improvement efforts because it provides a purely passive cooling strategy for terrestrial 

structures without the need for any energy inputs (Rephaeli et al., 2013). Design or 

technological featured formed for providing cooling to the buildings without using energy is 

known as passive cooling these are used for improving the effectiveness of energy (Santoso et 

al., 2020). Passive cooling works on two basic concepts: minimizing or preventing heat gain 



 

7 
 

and rejecting unwanted heat (Bhatia, n.d.). Radiative cooling (RC) as a passive cooling 

method can cool a structure without energy input. It utilizes the fact that the atmosphere is 

nearly transparent in the „„sky window” between 8 - 13 µm, which allows for the emission of 

thermal radiation in this range from the surface to outer space (Jyotirmoy Mandal et al., 2020; 

Ulian & Owen, 2020). 

Radiative cooling is a method for transferring heat to outer space without the need of any 

external power supply. Such transfer is done by any object by transforming its heat into 

radiation. This process happens naturally under the name of black body radiation, which 

establishes that any object at some temperature above 0 K radiates energy at all frequencies. 

Such radiation increases its maximum value proportionally to the temperature of the body, 

being that maximum value known as peak emission. Furthermore, the wavelength of the peak 

emission decreases with temperature, the peak emission of the black body radiation at ambient 

temperature matches with the well-known atmospheric transparency window. This window is 

a frequency band in which the atmosphere is transparent to radiation, i.e., waves at certain 

frequencies can cross the atmosphere and arrive to the outer space without  being altered. It is 

important to note that space is at approximately 3 K and, considering its size, provides an 

almost infinite storage for excess heat. The main classifications for radiative cooling devices 

are: super-ambient, which considers a device at higher temperature than the environment, and 

sub-ambient, for a structure at lower temperature than its surroundings. Another common 

classification is depending on whether it is going to operate during day or night. Those are 

called day time and night-time radiative cooling respectively (Capdevila, 2021). 

The outer space at a temperature of 3 K is an ultimate heat sink. Passive radiative cooling can 

cool objects to low temperatures, even below ambient temperature by radiating excess heat to 

the outer space through the atmospheric transparency windows without any energy input. This 

plays a vital role in energy saving, emission reduction, and environmental protection due to its 

passive, effective and renewable properties. Therefore, passive radiative cooling attracts great 

attention in various applications such as buildings, temperature-insensitive optoelectronic 

devices, textile for body thermal management, thermal power plants and so on. The 

applications of passive radiative cooling in daily life can be traced to several centuries ago, but 

in the first time the scientific and systematical investigation was started by Head and 
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Catalanotti in the 1960s (Ulian & Owen, 2020). Some researches devoted to exploring new 

materials for passive radiative cooling, such as polymer-based materials, inorganic film, and 

gas slab by investigating the fundamental principles such as the selectivity of wavelength, 

angle dependence, location, air pressure, and so on (Ulian & Owen, 2020). 

As a promising climate change mitigation technology, radiative cooling presents an 

economical and environmental friendly approach to alleviate cities from overheating and 

urban heat island. Conventional HVAC systems rely heavily on vapour compression based 

cooling technologies which consume massive fossil energy and emits huge amounts of 

greenhouse gases. Recently, a promising “sky window” cooling solution in the form of 

radiative cooling technology which can provide alternative “true” passive cooling for 

buildings was highlighted. This economic and environmental friendly approach has aroused 

great attention from researchers. Radiative cooling technology is achieved by materials with 

high emissivity in the spectral wavelength of 8 - 13 µm. These materials are usually grouped 

based on their performances during night-time and daytime. In comparison, the day time 

radiative cooling is more complicated since it needs to cool the surface to a temperature below 

ambient under sunlight due to the intense solar radiation. It requires materials to have low 

absorptivity within solar spectrum of 0.3 - 3 μm, while a high emissivity in other wavelengths, 

especially within 8 - 13 µm. At the early stage, active researchers have been conducted on the 

night-time radiative cooling materials and devices, and the theoretical studies on performance 

improvement and its potential to achieve day time radiative cooling (Wenxin Li et al., 2020). 

Radiative cooling rests on a fact that‟s fundamental to determining Earth‟s temperature; the 

planet‟s atmosphere is highly transparent in the wavelength range of 8 - 13 μm. This 

transparency window has a very large overlap with the blackbody radiation spectrum at typical 

ambient temperatures near 300 K. Thus, in principle any object on Earth, facing the sky, can 

radiate heat out to the universe through the atmospheric transparency window, and thus lower 

its temperature by remotely accessing the coldness of the universe. More formally, radiative 

cooling can be understood as a simple heat balance, in which the net cooling power of the 

radiative cooler at a given temperature, Pcool (T) is given by the power directly radiated out of 

the cooler, minus the power re-absorbed from incoming solar radiation and atmospheric 
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thermal radiation, and lost through local conduction and convection. Cooling occurs when 

Pcool(T) is positive at the ambient temperature (Wei Li & Fan, 2019). 

Global warming forces buildings to consume more energy for cooling. Various passive 

cooling techniques have been developed by researchers and engineers. The general mechanism 

of passive cooling is actually by dissipating heat from buildings to the environmental heat 

sink. The most commonly utilized mechanism is convection and evaporation. These two heat 

transfer mechanisms mainly deal with ambient air or ground as the heat sinks. Radiative 

cooling is attracting more interest from building engineers and architects. Using the sky as the 

heat sink, a radiative cooling material can be passively cooled by emitting heat to the sky. As a 

result of the development of material technology, radiative cooling research has been revived, 

with the aim of increasing the materials‟ cooling power as well as finding reliable ways to 

utilize it in cooling for buildings (Hu et al., 2020). Radiative cooling is enabled by an 

atmospheric transparency window between 8 - 13 μm (Raman & Ph, 2014). In the early 

1900‟s Planck‟s law of thermal radiation and the invention of quantum mechanics made it 

clear that at absolute zero no heat radiation is emitted and that radiative cooling effects are due 

to the absence of heat radiation (Berdahl, 2022). 

Buildings are responsible for about 35 - 40 % of all energy used globally. The way of building 

surfaces emit and absorb radiative energy during day time or night-time, determines the 

energy loss or gain by them, which is correlated to the energy they use for heating or cooling 

purposes. It is often desired to tailor the radiative properties of surfaces, to change their natural 

ability to absorb, emit, or reflect radiative energy. The Earth‟s atmosphere is almost 

transparent to the emitted radiation from an object, between the wavelengths of 8 - 13 µm. 

This means that almost all radiative energy within this band can be easily lost to the sky and 

helps the objects cool off. This wavelength interval is called the “atmospheric window”. The 

key to obtain radiative cooling is to create an imbalance between the absorbed radiation from 

the environment and the heat radiated outwards through the atmospheric window. In situations 

where a surface is to be kept cool while subjected to the Sun, it is necessary to have the 

maximum reflection of solar energy within the wavelength range of 0.3 - 3 µm, where 

incoming radiative energy is maximum, and to have maximum radiative emission from the 

surface in the 8 - 13 µm wavelength spectrum (Family, 2018). 
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By emitting infrared thermal radiation that is transparent through the atmospheric transmission 

window with characteristic wavelength at 8 - 13 µm to the cold universe, radiative sky cooling 

can cool an object on the Earth by sending excessive heat to outer space without the need for 

electricity. This is significantly different from other cooling technologies that dump the waste 

heat into the surroundings and is truly appealing „„without costing the earth‟‟ (D. Zhao et al., 

2019). As the awareness of the dangers of global warming grows, many novel ideas are being 

put forward to prevent the problem from developing further. Lots of research has been 

performed to find the method of cooling that minimizes the amount of air pollution and energy 

consumption in buildings, vehicles, and clothing. Recently developed approaches are focused 

on radiative cooling, a technique requiring no energy to lower the ambient temperature, thus 

considered as a key to help to slow down the disastrous effects of global warming. Radiative 

cooling is a physical phenomenon by which any object emits its heat out to space using the 

transparency window of the Earth‟s atmosphere (8 - 13 µm) in the form of radiation. This is 

explained by the combination of the black body radiation theory and the atmospheric window 

present in the Earth. Such phenomenon can be used to cool buildings, devices, machinery and 

more, without the need of an external power supply (J. Liu et al., 2019). 

Passive cooling, which cools without any electricity input, has a great impact on global energy 

consumption. The recent progress on radiative cooling has many potential applications in 

efficient passive cooling. During the day time, this strategy uses the maximized infrared 

emissivity via the atmospheric transparency windows for radiating heat and minimizing solar 

absorption. Mid-infrared radiation can cool a sky-facing object on the Earth's surface, as well 

as directly generate electric power. In particular, radiative cooling, as a promising passive 

cooling method, has attracted increasing interest over the past few years and greatly 

contributes to energy-saving applications owing to the ability to function without any energy 

input (Wu et al., 2018). 

Follow-up studies have begun to research various shapes and structures of metamaterial-based 

radiative cooling methods, including biomimetic and the painting of metamaterials directly 

onto a surface. Radiative cooling using phase change materials have also shown the additional 

function of temperature-dependent smart switching (Ko et al., 2019). 
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Figure 1. Schematic of the main concepts of metamaterial-based radiative cooling, (a) 

Schematic of the basic principles of radiative cooling and (b) ideal reflection and emission 

properties for radiative cooling (Ko et al., 2019). 

2.2 Fundamental Principles of Radiative Cooling 

To realize radiative cooling, two main concepts should be understood. First, from 

thermodynamics, it is known that heat will spontaneously flow from a hot to a cold body. 

Therefore, heat from high temperature terrestrial bodies (~300 K) can always flow towards a 

low-temperature sink, the biggest and lowest of all being outer space (3 K). Second, there is a 

transparent window in the atmosphere (8 - 13 µm) that can be used to exchange heat between 

the Earth and outer space in the form of infrared radiation. Radiative cooling exploits these 

concepts to achieve energy-free cooling. An ideal radiative cooling system would have 100% 

reflectance over the whole solar spectrum while simultaneously having 100% thermal 

emission in atmospheric window (as depicted in fig. 1b). By optimizing a metamaterials 

design these two conditions can be satisfied, so passive energy-free cooling can be achieved 

(Ko et al., 2019). 

As the radiator is exposed to a clear sky, it is subjected to the combined effects of its own 

infrared radiation, solar irradiance, atmospheric thermal radiation and non-radiation term. 

Assuming ambient temperature and radiator surface temperature are      and Ts respectively. 

The net cooling power is given by (Dai et al., 2020): 

    (  )      (  )      (    )                                                                               ( ) 
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In Eq. 1 the emissivity power by the structure or the radiative power emitted by the 

metamaterials cooler is given by (Chae et al., 2020):  

    (  )  ∫       ∫    

 

 

(    ) (   )                                                                                ( ) 

    (    )  ∫       ∫    

 

 

(      ) (   )    (   )                                                ( ) 

is the absorbed power due to the incident atmospheric thermal radiation. 

     ∫       ( )
 

 

  (   )                                                                                                              ( ) 

is the incident solar power absorbed by the radiator and 

               (       )                                                                                                                ( )             

is the power loss due to convection and conduction. 

Here, ∫    =   ∫     
 
 ⁄

 
   is the angular integral over a hemisphere. 

    (   ) is the angular spectral emissivity of the atmosphere, which can be calculated by: 

    (   )        ( )
 
      ⁄                                                                                                               ( ) 

          (  ) is emissivity power of radiator surface,     (    ) is the absorbed power of 

atmospheric thermal radiation,      is absorbed the sun power,             are the power 

absorbed by conduction and convection,    is the temperature of radiator, Tamb is the ambient 

temperature of environment, λ corresponds to the wavelength of the incident electromagnetic 

wave,  (   ) is the spectral directional absorptivity of the radiator, and t(λ) is the atmospheric 

transmission in the zenith direction. 

All solid surfaces radiate heat in the form of electromagnetic radiation, whose power is 

proportional to temperature and emissivity, and is distributed across the frequency spectrum 
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(Sun et al., 2017;
 
Hu et al., 2020). Thus, the term total emissive power is differentiated from 

spectral emissive power, where the former refers to energy emitted over the entire spectrum, 

while the latter suggests energy emitted at a specific wavelength interval. The spectral 

emissive power of an ideal blackbody is governed by Planck‟s law as stated by (Hu et al., 

2020). 

   (    )  
    

 

  [        ⁄   ]
                                                                                                            ( ) 

where,    (    ) is the spectral emissive power of a blackbody at a certain temperature    for 

a particular wavelength λ, h is the Planck constant (6.626 × 10
−34

 J·s), kB is the Boltzmann 

constant (1.3807 × 10
−23

 J/K), c0 is speed of light in vacuum (2.998 × 10
8
 m/s) (Chae et al., 

2020). 

In order to achieve a positive net cooling power and hence, a temperature reduction without 

any external power supply, three main elements must be considered: absorbed solar radiation 

(during day), atmospheric emission and the emission of the structure both in the atmospheric 

window and out of it. For more accurate results, some authors add the thermal losses of the 

structure. A graphical illustration of these concepts is depicted in Fig. 2. 

 

Figure 2. Radiative cooling principles (Capdevila, 2021). 
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2.3 Broadband and Selective Radiators 

The performance of radiative coolers is highly related to the spectral emissivity profiles of the 

different kinds of radiators. The first one is a broadband radiator which has emissivity like a 

blackbody within the entire emission band of the atmosphere except the main solar spectral 

band from 0.3 - 3 µm. The second one is a selective radiator comprising unity emissions only 

within the wavelengths of 8 - 13 µm, selectively spanning over the atmospheric window. The 

ability of the selective radiator for cooling below the ambient temperature is vastly superior to 

that of a broadband radiator (Gu, 2016). This kind of radiative coolers generally performs high 

absorption/emissivity in the wavelength region from 8 - 13 μm, while low emissivity in other 

wavelength ranges. Typically, the broadband radiative coolers exhibit high emissivity 

characteristics in the wavelength region from 5 - 25 μm (Lin et al., 2021). 

2.4 Structural and Material Engineering of Radiative Cooler 

In the second half of the twentieth century, the concept of radiative cooling was proposed and 

investigated. Around 1980, the compounds of silicon, such as silicon dioxide (SiO2) and 

silicon nitride (SiN4), were developed on aluminum (Al) film coated glass substrate through 

vacuum deposition as the initial design of radiative cooler since these silicon compounds 

feature absorption characteristics in the IR region. These designs successfully achieve passive 

radiative cooling with cooling power of approximately 100 W/m
2
 in the real life. However, 

this type of radiative coolers could not be manufactured in a large area and their cooling 

performance still has room to improve. Therefore, such type of radiative cooler has not been 

applied to practical applications at that time. To improve the cooling performance of radiative 

coolers, several designs including polymers, multi-layer thin films, and metamaterials, have 

been proposed and experimentally demonstrated to effectively manipulate the spectral 

emissivity of radiative coolers ( (   ) ) in the past decade. Next, we have  comprehensively 

introduced these three types of radiative coolers and their cooling performances in the 

following subsections (Lin et al., 2021).  
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2.4.1 Multi-Layer Thin Film-Based Radiative Cooler 

Optical thin film engineering is a mature technology to manipulate the optical behaviors of an 

object. A thin layer of metallic film, such as silver (Ag) and aluminum (Al), can perform high 

reflection in the ultraviolet (UV), visible, and IR regime. Furthermore, multilayer thin film 

stack can achieve specific electromagnetic spectrum in a designed wavelength range due to the 

phenomenon of thin-film interference. Therefore, the multi-layer thin film-based radiative 

coolers generally compose of subtly designed multilayer absorbing/dielectric film stack on a 

flat metal film. In the design principle, a thin metallic layer (e.g., Ag and Al film) featuring 

high reflections in solar spectral range was chosen to reflect sunlight in the wavelength from 

0.28 - 2.5 μm, accordingly, to efficiently reduce the power absorbed from the sunlight (    ). 

Furthermore, the stacked absorbing/dielectric layers, such as SiO2, SiN4, hafnium dioxide 

(HfO2), magnesium fluoride (MgF2) and titanium dioxide (TiO2), work together to achieve 

high emissivity in the IR regime for radiative cooling. In general, according to the designed 

absorption spectrum in the IR regime, the multilayer thin film-based radiative coolers can be 

distinguished into two types: selective radiative cooler, which features high emissivity in the 

wavelength region from 8 - 13 μm, and broadband radiative cooler, which features high 

emissivity over broad wavelength range (e.g. 5 to 25 μm) (Lin et al., 2021). 

2.4.2 Metamaterials-Based Radiative Cooler 

With the development and technological maturity of nano-fabrication processes, plasmonic 

nanostructures and metamaterials have been widely investigated and experimentally 

demonstrated in the past decades. In general, the precise geometry, arrangement, and 

dimension design endow metamaterials featuring outstanding properties to manipulate 

electromagnetic waves, such as absorbing and reflecting waves. Therefore, metamaterials can 

achieve benefits beyond what are possible with naturally available materials (Lin et al., 2021). 

In 2019, Ong et al. design and numerically investigate a three dimensional (3D) all dielectric 

pyramidal multilayer metamaterial (PMM), which not only avoids the problem of high 

absorptivity loss of metal materials to solar, but also provide extremely high infrared 

absorptivity due to the attenuation effect of moth-eye structure and the electromagnetic 

resonant absorption in the metamaterial, achieving the purpose of both extremely low solar 

spectrum absorption and strong infrared emissivity within the atmospheric windows under the 
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direct sunlight. In order to achieve the target of a strong broadband mid-infrared absorptivity 

within the atmospheric transparency windows and high solar reflection cooler, two dielectric 

materials, hafnium dioxide (HfO2) and silicon dioxide (SiO2), are chosen for the metamaterial 

structure design due to the high transparency in the solar spectrum and high absorptivity loss 

in the mid-infrared region (Ong et al., 2019). 

      

Figure 3. (a) Schematic of the 3D PMM passive radiative cooler model. (b) Structure of the 

unit cell of the PMM and the emissivity of Simulated PMM radiative cooler, respectively 

(Ong et al., 2019). 

 

Figure 4. Cooling performance of the PMM cooler (Tamb=300 K) (Ong et al., 2019). 



 

17 
 

2.4.3 Polymer-Based Radiative Cooler 

Recently, polymer based radiative coolers have been intensively investigated and 

experimentally demonstrated because polymers feature low absorption in the solar spectral 

range while high absorption in the IR region. Furthermore, polymers are easy to be 

manufactured with a large area and a low cost. Therefore, polymer-based radiative coolers 

have been used in the practical applications, such as dew condensation and fluidic cooling. 

However, the cooling power of flat polymer films is generally in the range of 20 to 50 W/m
2
, 

which is comparatively low (Lin et al., 2021). In 2018, Mandal et al. proposed and 

experimentally demonstrated a hierarchically porous polymer coating for passive daytime 

radiative cooling with high efficiency. Such design concepts of scalable, low cost and simply 

fabricated polymer-based radiative coolers open a new phase for the development of practical 

radiative cooling technology (J Mandal et al., 2018). 

2.5 Application of Radiative Cooling 

The most direct benefit of radiative cooling technology is to save electricity used for cooling 

purpose. Especially for remote areas, radiative cooling can be used to refrigerate, even to cool 

below the dew point temperature, and harvest fresh water (J. Liu et al., 2019).  In recent years, 

with the exploration of radiative cooling mechanism and the development of various types of 

radiative coolers, the radiative cooling technology have been widely used in many fields for 

energy saving. There are extensive applications of radiative cooling including building cooling 

(BC), photovoltaic cooling (PC), cryogenic cooling (CC) and energy harvesting (EH) and 

fluid-cooling systems. Next, we have introduced those applications of radiative cooling with 

no need of electricity to achieve heat dispersion through radiative cooling in the following 

subsections (Lin et al., 2021). 

2.5.1 Building Cooling  

Buildings account for roughly one third of global non-renewable energy use. Space cooling 

through air conditioning is typically provided through electric compressor-driven refrigeration, 

contributing a significant portion of commercial building energy use with direct and indirect 

negative environmental impacts. As an alternative to conventional air-conditioning, radiant 
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cooling has the potential to improve building energy efficiency and thermal comfort. Passive 

cooling is a building design approach that focuses on heat gain control and heat dissipation in 

a building in order to improve the indoor thermal comfort with low or no energy 

consumption. This approach works either by preventing heat from entering the interior (heat 

gain prevention) or by removing heat from the building (natural cooling) (Tian & Love, 2009).  

In buildings, radiative cooling can be applied to building envelopes, especially those that 

acquire the highest sky view factor (SVF). Challenges of radiative cooling application are well 

defined by researchers. The two most frequently mentioned challenges of radiative cooling are 

technical and cost problems. Technical problems are related to low cooling power, 

sophisticated material technology to produce the radiator, complicated systems in 

implementations, durability, and maintenance issues. Cost problems consist of high production 

cost and high installation cost. There is also a problem regarding geographical constraints. 

Generally, the radiative cooling panel is highly dependent on climate and geographical 

conditions. Factors such as sky condition, wind speed, atmospheric particle, etc. strongly 

affect the performance of radiative cooling panels (Hu et al., 2020). 

2.5.2 Photovoltaic Cooling 

Photovoltaic cooling (PC) includes solar cell cooling, concentrated photovoltaic system 

cooling, and thermal photovoltaic system cooling (J. Liu et al., 2019). The operating 

temperature is one of the important factors that can affect the efficiency of the PV panels. The 

effects of temperature on photovoltaic efficiency can attribute to the influences on the current 

and voltage of the PV panels. To avoid additional energy consumption incurred for cooling the 

PV panels, Furushima and Nawata reported a model with cooling water being supplied from a 

city water supply system by Siphonage and the cooling system did not require any additional 

energy input (Ng, 2014). 

2.5.3 Cryogenic Cooling and Energy Harvesting 

Cryogenic cooling (CC) can be used in many fields, for example, in freezers and biomedical 

devices. However, the selective radiative cooler has fairly low cooling power and needs long 

time to achieve the large temperature drop. The reason behind is that as the radiative cooler 
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temperature declines, the net cooling power is increasingly lower. In addition, one can use the 

radiative cooler as a cold reservoir and the ambient as a hot reservoir, thus, renewable energy 

can be achieved from this heat flow, namely energy harvesting (EH) (J. Liu et al., 2019). 

2.5.4 Fluid-Cooling Systems 

The integration of a radiative cooler into a traditional cooling system to sufficiently save the 

required energy for heat dispersion and efficiently managing the thermal energy has been 

intensively investigated recently. In general, evaporating water into the atmosphere is one of 

the useful methods to cool down the condenser temperature in a water-cooling system. 

Therefore, evaporative fluid cooling technology has been widely used in practical 

applications, such as air conditioner and refrigerator, from the twentieth century (Lin et al., 

2021). 
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3 Materials and Methods 

3.1 Numerical Analysis (COMSOL Multiphysics)  

The methodology and mechanism used in this study were discussed in this section. We have 

used COMSOL Multiphysics software to carry out this study. Disc is designed by using 

numerical software called COMSOL Multiphysics and the physical mechanism of absorption 

will be explained extensively. 

 

Figure 5. Schematic representation of the designed metamaterial emitter with one unit cell for 

COMSOL Multiphysics simulation with two ports one on the top (source) and the other on the 

bottom. 

Perfectly Matched Layer (PML) is an artificial absorbing layer for wave equation commonly 

used to approximate computational regions in numerical methods to simulate problems with 

open boundaries. The key property of a PML that distinguishes it from an ordinary absorbing 

material is that it is designed so that wave‟s incident upon the PML from a non PML medium 

does not reflect at the interface. This property allows the PML to strongly absorb outgoing 

waves from the interior of a computational region without reflecting them back into the 
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interior. Periodic Boundary Condition (PBC) is a set of boundary conditions which are often 

chosen for approximating a large (infinite) system by using a small part called a unit cell. 

PBCs are often used in computer simulations and mathematical models. Scattering Boundary 

Condition (SBC) is to make a boundary transparent for a scattered wave. The boundary 

condition is also transparent for an incoming plane wave and used to avoid back reflection of 

the outgoing wave from the exterior boundary of our computational domain. In another words, 

this boundary condition makes a boundary transparent for the outgoing waves. 

The metamaterials emitter is designed from Silver (Ag) and Titanium dioxide (TiO2) by using 

COMSOL Multiphysics software as shown on Figure 5. Three dimensions are selected for 

working environment. The optics interface has been used in order to compute electric and 

magnetic fields for our system, where the wavelength is comparable to or much smaller than 

the studied device. Electromagnetic wave frequency domain interface is selected to solve for 

time harmonic electromagnetic field distributions. The wavelength domain study is used to 

compute the response of model subjected to harmonic excitation for one or several 

wavelengths. In electromagnetic wave propagation through the designed structure, it is used to 

compute a structure's transmission and reflection versus wavelength. The design parameters 

are width of unit cell (w), height of disc (h1), thickness of dielectric (h2), thickness of ground 

metal (h3), and radius (r) of disc. The designed disc starts with Ag and ends with Ag, in other 

word it consists metal-dielectric-metal structure. 

Numerical simulation was conducted on the single unit cell as shown in the Figure 5, with the 

intention of decrease computational time. A three-dimensional electromagnetic wave and the 

wavelength domain study were performed using COMSOL Multiphysics software. During the 

numerical analysis, perfectly matched layer were assigned on the top and bottom of the 

computational domains or along z-axis to minimize reflection. The periodic boundary 

condition was also set at both the right side and left side boundaries to account for an infinite 

flat surface on the emitter and also for oblique incidence. The electromagnetic waves or 

incident light on the emitter is considered to be perpendicular to the x-y plane through the 

working wavelength. The refractive index (optical properties) of Silver (Ag) and the dielectric 

spacer Titanium dioxide (TiO2) was taken from the default material list of the software. 

Titanium dioxide (TiO2) was considered because of its small absorptivity in the visible and 
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near-infrared, but high absorptivity in the mid-infrared region (8 - 13 μm) spectrum. Besides, 

TiO2 is a high-index material and it is transparent in the other wavelengths of thermal infrared. 

All these features make TiO2 a favorable material for the radiative emitter. It is well-known 

that a metal such as Ag has high reflection in the solar spectrum which fits this radiative 

cooling application well. Also, adding Ag layer increases the absorption in the 8 - 13 μm 

interval (Zhu et al., 2021; Kecebas et al., 2017). 

During the numerical analysis, we considered two ports. The first port was known as the in-

port, which produced electromagnetic waves, and the second port was called out-port, which 

transmitted the incident wave. We assume that no transmittance occurred, as the back of the 

reflector was made from silver (Ag). These two ports were explained more comprehensively 

in below Fig. 6.  

 

Figure 6. Shows the in-port, which produced electromagnetic waves, and out-port, which 

transmitted the incident wave. 

In addition, we also derived the absorptivity and emissivity based on Kirchhoff‟s law which 

states that at thermal equilibrium the emissivity of an object is equal to its absorptivity for a 

given frequency, polarization, and direction, with the assumption of no transmittance as 

follows: 

 ( )   ( )                                                                                                                                             ( ) 

Where  ( ) is the emissivity and  ( ) is the absorptivity. 



 

23 
 

Finally, we evaluated the emissivity based on absorptivity from the simulation results. There 

are number of considerations that should be taken into account when building a COMSOL 

model. In particular, symmetry should be used as often as possible; this will significantly 

reduce the simulation run time. The following guidelines are an attempt to outline some basic 

considerations for building the types of suggested geometry as shown in below Fig. 7. 

 

Figure 7. Schematic representation of some basic considerations for building the types of 

geometry in COMSOL Multiphysics Software. 

3.2 Physical Mechanisms of Absorption 

There are physical mechanisms that can increase the absorption or emission of radiation. In 

this section, we have discussed these technique considered in the suggested emitter. 

3.2.1 Surface Plasmon Polariton 

Surface Plasmon Polaritons (SPP) is one of excitation mechanism that formed between two 

interfaces when the two medium have opposite electric permittivity. In this study, SPP is 

created between the interface of metal and dielectric (Ag - TiO2). There is an exponentially 

decrease in amplitude perpendicular to the normal and propagation in parallel with the 

interface. SPPs are perfect imaging because plasmon remains stationary. Metals are usually 

known to be perfect reflectors, but when they are structured on a scale of the wavelength, light 
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reflection fades away and enhanced absorption occurs with a sharp spectrum much narrower 

than that of a blackbody due to excitation of resonant modes confined in the sub wavelength 

metallic cavities or excitation of SPPs on the corrugated metal surfaces. An important 

extension of the plasmon physics has been accomplished by the concept of "surface 

plasmons". SPPs are electromagnetic modes bound to a metal-dielectric interface. Their 

unique optical properties have among other applications, the potential for designing highly 

integrated photonic circuits with length scales much smaller than those currently achieved. 

Such circuits should convert light into SPPs, propagate them to logic elements where they are 

to be processed and ultimately converted back into light (Daniel & Bawuah, 2019). 

3.2.2 Magnetic Polariton 

Magnetic Polariton (MP) is another excitations mechanism that created in the dielectric layer 

of the metamaterial because of impedance match. Due to the existence of free charge on the 

ground or upper layer silver (Ag) there is a net flow of electric current in the dielectric layer 

which resulted in induced magnetic field. This is known as excitation of magnetic polariton. 

MP can powerfully localize electromagnetic energy in the dielectric layer of the designed 

metamaterial. In our work, this physical absorption mechanism was highly considered. MP 

refers to the strong coupling of the magnetic resonance inside a micro/nanostructure with the 

external electromagnetic waves. Under a time-varying magnetic field parallel to the y-

direction, an oscillating current is produced around the grooves in the x-z plane, and this 

induced current generates a magnetic field (i.e., diamagnetism) according to Lenz's law. The 

theory of MPs has successfully been used to predict the resonances in metallic grating/thin-

film structures and narrow slit arrays. In addition, MP resonance has been used to explain the 

responses in the structures mentioned in. Since the resonance in deep gratings shows different 

geometry dependence in different wavelength ranges, it is worthwhile to explore the 

possibility of using MPs to explain the anomalous maximum wavelength in deep gratings for 

various materials and spectral regions (B. Zhao & Zhang, 2014). 
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4 Result and Discussion 

The designed metamaterials emitter has a three-layer structure as demonstrated in Fig. 8 

underneath. The top layer is composed of a Silver (Ag) array with a periodicity of w. A unit 

cell has a layer, designed from Ag and TiO2 with height (h1) of disc and radius (r). A thin film 

of Titanium dioxide (TiO2) has thickness (h2) is designed on the top of a Silver (Ag) film of 

thickness (h3), which acts as a perfect reflector. 

 

Figure 8. Schematic representation of the designed metamaterial emitter with height (h1) of 

disc, radius (r) of disc, dielectric thickness (h2), ground metal thickness (h3), and width of unit 

cell (w). 

The height (h1) of disc is 0.95 µm and the thickness (h3) of the ground metal is 2 µm; these 

parameters were fixed in this study. In contrast width (w) of the unit cell, radius (r) of the disc 

and thickness (h2) of dielectric layer are variables. Titanium dioxide (TiO2) is introduced as 

the dielectric layer with thickness (h2). Silver (Ag) introduced as substrate with a thickness 

(h3) was selected to prevent transmission of the incident light. Electromagnetic wave was 

released, with frequency of 300 THz from the in port to our designed metamaterial emitter by 

COMSOL Multiphysics as shown in above Fig. 5. The radiative cooling performance is 
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defined as the difference between the surface radiation at a given temperature (  ) and the 

thermal atmospheric radiation at ambient temperature(    ) as explained in Fig. 9. 

 

Figure 9. Schematic diagram of radiative surface cooling (Lee et al., 2017). 

Through a lot of optimization and trial the below result were obtained. In the next sub topics 

the effect of variable parameters on the emissivity and cooling power of our designed 

metamaterial emitter were discussed. Finally, comparison between the emissivity of the 

designed metamaterial emitter with the ideal emitter was compared, and the potential of 

cooling power were calculated. 

4.1.1 Effect of Width (w) of the Unit Cell on Spectral Emissivity of the Emitter 

The impact of width (w) of the unit cell on the spectral emissivity of a selective emitter is 

shown on Figure 10 (a) and (b). From this figure one can observe that the emissivity of the 

designed metamaterial emitter was affected by the width of the unit cell. As the width of the 

unit cell increases from 13.5 µm to 16.5 µm, the emissivity of the designed metamaterial 

emitter becomes decreases in the required atmospheric transparency window (8 - 13 µm). This 

result suggested that, the width (w) of the unit cell influences and minimizes the emissivity of 

the designed metamaterial emitter. In general, width (w) of the unit cell has strong effect on 

the emissivity of the designed metamaterial emitter. When the width (w) of the unit cell is 11.5 

µm, the emissivity of the designed metamaterial emitter was high, but it is not broadband in 

the required atmospheric transparency window.  
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From the optimized width (w) of the unit cell, we have obtained the widest and most near 

perfect broadband emissivity of the designed metamaterial emitter were the width (w) of the 

unit cell is 12.5 µm (red color) in the required atmospheric transparency window (8 - 13 µm). 

When the width (w) of the unit cell is 12.5 µm the emissivity of the designed metamaterial 

emitter has a peak at different wavelengths in the atmospheric transparency window. These 

peaks obtained when the wavelength is 9.2 µm and 12.5 µm and at those wavelength the 

emissivity is 0.963 and 0.979 (i.e., 96.3 % and 97.9 %), respectively.  
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Figure 10.  Effect of width of the unit cell on spectral emissivity of the designed metamaterial 

emitter, (a) as line graph and (b) as color fill, respectively, when width (w) varies and h1 = 

0.95 µm, h2 = 1.15 µm, h3 = 2 µm, and r = 3.6 µm. 

4.1.2 Effect of Dielectric Thickness (h2) on the Spectral Emissivity of the Emitter 

As illustrated on Figure 11 (a) and (b), the emissivity of the designed metamaterial emitter 

depends on the thickness of the dielectric layer. When h2 increases from 0.65 µm to 1.65 µm 

the emissivity slightly increases. Now from the optimized thickness of the dielectric (h2), the 

broadband and high emissions of the designed metamaterial emitter were obtained when the 

thickness (h2) is 1.15 µm (blue color) in the required atmospheric transparency window (8 - 13 

µm). One can see from the figure that, when h2 = 1.15 µm there are two major peaks. These 
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peaks correspond to wavelength at 9.6 µm and 12.7 µm with amplitude 0.971 and 0.992 (i.e. 

97.1 % and 99.2 %), respectively. Generally, increasing the thickness of the dielectric 

increases the emissivity of the designed metamaterial emitter, but when it can be more 

increased the emissivity increases out of the atmospheric transparency window (8 - 13 µm). 
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Figure 11. Effect of dielectric thickness (h2) on the spectral emissivity of the designed 

metamaterial emitter, (a) as line graph and (b) as color fills, respectively, when h2 varies and 

with other parameters value w = 12.5 µm, h1 = 0.95 µm, h3 = 2 µm, and r = 3.6 µm. 

4.1.3 Effect of Disc Radius (r) on the Spectral Emissivity of the Emitter 

Figure 12 (a) and (b) shows that the emissivity dependence of the designed metamaterial 

emitter on the radius of the designed disc. As can be seen, when radius (r) increases from 2.4 

µm to 4 µm, the emissivity also increases and become broadband in the required atmospheric 

transparency window (8 - 13 µm) up to radius equal to 3.6 µm. But, when the radius (r) was 

greater than 3.6 µm, the emissivity of the designed metamaterial emitter can emit out of the 

required wavelength. From the optimized radius (r) of the designed disc, we have got the 

widest and most near perfect broadband emissivity of the designed metamaterial emitter at the 

radius (r) is 3.6 µm (Green color), at this radius (r) the average emissivity of the designed 

metamaterial emitter was 0.895 (i.e. 89.5 %) in the required atmospheric transparency window 

(8 - 13 µm). When r was 3.6 µm, two major peaks were observed which caused by excitation 
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of magnetic polariton in the dielectric between Ag layer. These peaks are occurred at 9.2 µm 

and 13 µm wavelength with amplitude of 0.994 and 0.992 (i.e. 99.4 % and 99.2 %), 

respectively. 
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Figure 12. Effect of radius (r) of disc on the spectral emissivity of the designed metamaterial 

emitter, (a) as lines graph and (b) as color fill, respectively, when radius (r) varies and with 

other parameters w = 12.5 µm, h1 = 0.95 µm, h2 = 1.15 µm, and h3 = 2 µm. 

4.1.4 Effect of Polar Angle (θ) on the Spectral Emissivity of the Emitter 

In our work, we studied the effect of polarizations and azimuthal angles on spectral emissivity 

of the designed selective metamaterial emitter at a normal polar angle (θ = 0°, ϕ = 0°). This 

depicts that the designed emitter is symmetric, which means that the polarizations is 

independent. Figure 13 (a) and (b) shows the optimized emissivity spectra, as the angular 

emissivity varied from 0° to 60° in 15° steps. Excitation of different physical mechanism was 

responsible for obtained wide angle spectral emissivity of the designed disc metamaterial 

emitter. The average emissivity of our designed metamaterial emitter at polar angle θ = 0° was 

89.5 % in the atmospheric transparency window (8 - 13 µm).  When the polar angles (θ) 

increase the emissivity of the designed metamaterials emitter increases out of the atmospheric 

transparency window (8 - 13 µm). 
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Figure 13. Emissivity of the designed metamaterial emitter at different angular emissivity, (a) 

as lines graph and (b) as color fill, respectively, and with other parameters of w = 12.5 µm, h1 

= 0.95 µm, h2 = 1.15 µm, h3 = 2 µm and r = 3.6 µm. 

4.1.5 Effect of Dielectric on the Spectral Emissivity of the Emitter 

Dielectric affects the emissivity of the designed metamaterial emitter. Titanium dioxide (TiO2) 

has high emission ability rather than Silicon dioxide (SiO2) and Aluminum Nitride (AlN) in 

the mid-infrared or in the second atmospheric transparency window (8 - 13 µm). The metal-

dielectric-metal structure of metamaterial emitter that designed from Silver (Ag) and Titanium 

dioxide (TiO2) (i.e., Ag - TiO2 - Ag) had near perfect broadband emitter rather than the 

metamaterial emitter that designed from Silver (Ag) and Silicon dioxide (SiO2) (i.e., Ag - SiO2 

- Ag) and from Silver (Ag) and Aluminum Nitride (AlN) (i.e., Ag - AlN - Ag) metamaterial 

emitter in the required atmospheric transparency window (8 - 13 µm), and which is decreased 

out of the atmospheric transparency window. The designed metamaterial emitter with different 

dielectric such as Titanium dioxide (TiO2), Silicon dioxide (SiO2), and Aluminum Nitride 

(AlN) had the average emissivity of 0.895, 0.844, and 0.868 (i.e., 89.5 %, 84.4 %, and 86.8 

%), respectively, in the atmospheric transparency window (8 - 13 µm). As we can observe 

from Fig. 14, the emissivity of our designed metamaterial emitter was completely changed 

when the dielectric is changed. Generally, the emissivity of the designed metamaterial emitter 
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was highly affected by dielectric. The effect of this dielectric on the emissivity of the designed 

metamaterial emitter was shown as follows. 
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Figure 14. Effect of dielectric on emissivity spectrum of the designed metamaterial emitter. 

4.1.6 Performance of the Designed Metamaterials Emitter 

The emissivity of the designed disc metamaterial emitter was high in the atmospheric 

transparency window. The metal-dielectric-metal structure of metamaterial emitter that 

designed from Silver (Ag) and Titanium dioxide (TiO2) (i.e., Ag - TiO2 - Ag) had near perfect 

broadband emitter in the required atmospheric transparency window (8 - 13 µm), and which is 

decreased out of the atmospheric transparency window. But, if the disc is removed from the 

designed metamaterial emitter, the emissivity of the designed emitter was strictly decreased. 

On the other hand the emissivity of the designed emitter was dependent on the structure. By 

using metal-dielectric-metal structure we have obtained 0.895 (89.5 %) emissivity; this 

emissivity is the highest value in the atmospheric transparency window. For the flat surface 

structure the value of the average emissivity was 0.218 (i.e., 21.8 %) in the atmospheric 

transparency window (8 - 13 µm) which is very low emissivity. When our designed 

metamaterial emitter has metal-dielectric-metal structure, the emissivity is high, but when the 
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structure was changed from metal-dielectric-metal to flat surface the emissivity was 

completely decreased from 0.895 to 0.218 in the required atmospheric transparency window (8 

- 13 µm).  

This shows the performance characteristics of metal-dielectric-metal structure of the designed 

metamaterial emitter to be high, and our designed metamaterial emitter had high cooling 

power performance. The entire emissivity of MDM structure and flat surface structure of the 

designed metamaterial emitter as comparison of the ideal emitter was shown in below Fig. 15. 
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Figure 15. Entire emissivity spectrum of our designed MDM structure and Flat structure 

metamaterial emitter as comparison with the ideal emitter as a function of wavelength. 

To understand the mechanism of high mid-infrared absorptivity in our designed disc 

metamaterial, the electric field distributions and magnetic field distributions in the disc is 

investigated at different wavelengths with relatively high absorptivity, as depicted in Figs. 

16(a), (b), (d) and (e), where the wavelength of 8.5 µm and 10.2 µm is in the required 

atmospheric window, while the electric field distributions and magnetic field distributions in 

the disc is also investigated at wavelengths with relatively low absorptivity, as depicted in 

Figs. 16(c) and (f), where the wavelength of 17.3 µm is out of the required atmospheric 
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window. It can be clearly found that the high absorptivity at these wavelengths where the 

electric field is significantly enhanced at the bottom of the disc, mainly due to the significant 

moth-eye antireflection effect, resulting from the gradual refractive index change.  

Obviously, the electromagnetic field is resonantly localized and absorbed at different parts of 

the disc. For shorter wavelengths such as 8.5 µm, the electromagnetic enhancement is mainly 

located at the bottom of disc, at this wavelength high absorption can be occurred and for the 

longer wavelength such as 17.3 µm, the electromagnetic field enhancement occurs at different 

part of disc, at this wavelength low absorption can be occurred. Overall, the high absorption of 

disc in the atmospheric windows can be attributed to both the strong broadband electric and 

magnetic resonance and the moth-eye antireflection effects. 

 

Figure 16. Distributions of the electric field (E-field) and magnetic field (H-field) of the 

designed disc cooler in the plane y = 0 at three different wavelengths in the required 

atmospheric window and out of the atmospheric window (a), (b) and (c) are for the E-field 

distribution at 8.5 µm, 10.2 µm, and 17.3 µm, respectively, (d), (e) and (f) are for the H-field 

distribution at 8.5 µm, 10.2 µm, and 17.3 µm, respectively. 
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The emissivity of our designed metamaterial emitter were compared with the other emitter can 

be shown as follows. As we observe from the Fig. 17, the emissivity of our designed 

metamaterial emitter was greater than the other emitter in the first atmospheric window from 8 

µm to 13 µm. 
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Figure 17. Comparison of the spectral emissivity of our designed metamaterial emitter (blue 

line) and results from some papers (Hervé et al., 2018; Ong et al., 2019). 

The radiative cooling power in our calculation is elaborately investigated over the required 

atmospheric window from 8 µm to 13 µm. In order to evaluate the cooling capacity in our 

designed emitter, the radiative cooling power in the required transparency window was 

investigated. It can be clearly observed that the cooling power gets larger with increased 

ambient temperature. The calculated radiative cooling power is 200.4 W/m
2
 at ambient 

temperature (300 K). By comparing the net cooling power in the relevant work, we can find 

that metal-dielectric-metal structures are the primary choice to realize effective radiative 

cooling. But, for inorganic metamaterials thermal emitter the net cooling power is 194.46 

W/m
2
 in the first  atmospheric transparency window (Yin et al., 2021). Again also, for the 

Ultra-broadband all-dielectric metamaterial thermal emitter in  (Ong et al., 2019), the net 
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cooling power in the required atmospheric transparency window is 199 W/m
2
, which is lower 

than that in our design. Therefore, our designed structure achieves an efficient cooling effect. 

The designed metamaterial emitter had high emissivity, because of that high radiative cooling 

power were obtained in the required atmospheric transparency window. This high emissivity 

and high radiative cooling power were obtained at the different optimized parameters of the 

designed metamaterial emitter. From the optimized parameters of the designed metamaterial 

emitter high emissivity and high radiative cooling power were obtained when the width (w) of 

the unit cell, the thickness (h2) of the dielectric, and the radius (r) of the disc had the value of 

12.5 µm, 1.15 µm, and 3.6 µm, respectively, and the fixed parameters height (h1) of the disc 

and the thickness (h3) of the ground metal had the value of 0.95 µm and 2 µm, respectively. 

The cooling performance of the designed metamaterial emitter was compared with the cooling 

performance of the ideal emitter. Graphically, the comparison of net radiative cooling power 

between our designed metamaterial emitter and ideal emitter was shown below. 
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Figure 18. Comparison of net cooling power between our designed metamaterial emitter and 

the ideal emitter (Tamb = 300 K). 

One way to enhance passive cooling by radiative cooling is to install thermal emitters on 

surfaces that radiate heat in atmospheric transparency window. When designing thermal 

emitters, we must take into account infrared energy transmitted from the atmosphere. Thermal 
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emitters should be designed to emit thermal radiation selectively in the 8 - 13 µm bands. This 

band is the atmospheric transparency window. Emitters in this band have enhanced cooling 

performance as they can reflect incident atmospheric radiation from the non-transparent band. 

An effectively designed thermal emitter can maintain surface temperatures below the ambient 

air temperature. The infrared emissivity of the radiative cooling surface must be controlled for 

each wavelength band. To achieve spectral selective emissivity, researchers have developed 

photonic crystals (Pralle et al., 2003; Zhang et al., 2014), electrochromic devices (Bessière et 

al., 2002), and plasmonic metamaterials. In this study, we developed a metal-dielectric-metal 

(MDM) structure for radiative cooling application. This emitter exhibits improved radiative 

cooling performance. 

The global AM1.5 solar spectrum has an irradiance of 1000 W/m
2
 and consider, solar 

reflectors integrated on the top of emitters, so ignored Psun. By insulating back surface of the 

emitter with plastic foam (polystyrene) the conductive heat coefficient from the back surface 

to the air can be minimized or ignore Pcond+conv. We excluded conduction and convection 

induced by solar irradiation from our analysis. Solar irradiation is concentrated in the visible 

range. Surface radiation and atmospheric radiation mainly occurs in the infrared band. 

Therefore, the absorbed power from solar irradiation is possible to the radiative cooling 

performance only considered surface and atmosphere radiation to evaluate total radiative 

cooling performance. In addition, the absorption of solar irradiation is very sensitive to 

environmental conditions such as the time, latitude, weather, and season. The temperature 

gradient between a surface and the atmosphere is reduced by both convective and conductive 

heat transfer. It is difficult to evaluate the heat transfer coefficient quantitatively as it is 

affected by the surface and atmosphere temperatures in addition to the environmental 

conditions. We did not consider conduction and convection arising from solar irradiation as a 

result of these considerations. Instead, we analyzed the radiative cooling performance of solid 

surfaces with respect to atmospheric and surface radiation. 

The infrared transparency window of the atmosphere is between 8 - 13 µm. Passive cooling is 

possible in this band because surfaces that emit radiation in this window absorb low levels of 

atmospheric radiation. Atmospheric radiation from the non-transparent regions irradiates solid 

surfaces. This absorption is characterized by the absorptivity of the surface. Broadband 
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radiation emitters have limited cooling performance as they absorb a lot of atmospheric 

radiation. As we can control the radiation characteristics of metal-dielectric-metal structures, 

we developed an MDM-based spectral selective emitter and we measured the spectral 

emissivity of the designed structure in the direction of the zenith and at an incline. We also 

simulated structures of different sizes to determine the effect of varying the size of the 

structure on the emissivity.  

We optimized different parameters such as width of the unit cell, thickness of the dielectric, 

and radius of disc. Those parameters highly affect the emissivity of the designed emitter, 

whereas the fixed parameters such as the height of disc and the thickness of the ground metal 

does not affect the emissivity of the desgned metamaterial emitter. Again also, the emissivity 

of the designed metamaterial emitter was highly affected by the dielectric and the structure as 

shown in above Fig. 14 and 15, respectively. Finally, we calculated the net radiative cooling 

power of the selectively emissive surface. Table 1 depicts a comparison between the 

metamaterial emitters and the proposed design in terms of used materials and net radiative 

cooling power. It may be seen that the achieved net radiative cooling power range is larger 

than those reported in the below table in the required atmospheric transparency window. 

Table 1. Comparison of net radiative cooling power between our designed emitter and other 

emitters. 

   Materials Net Radiative Cooling Power 

(W/m
2
) 

Reference 

Si3N4, TiO2 and MgF2 194.46  (Yin et al., 2021) 

SiO2 and HfO2 199  (Ong et al., 2019) 

Ag and TiO2  200.4    This study 
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5 Conclusions and Recommendations 

5.1 Conclusions 

In this work, we proposed and numerically analyzed metal-dielectric-metal structure of 

metamaterial selective emitter for radiative cooling applications. Radiative coolers are 

optically designed to reject heat to outer space through the atmospheric window spectral band 

(8 - 13 µm). Radiative cooling performance can be improved by using a spectral selective 

emitter that is designed to reflect atmospheric radiation and unilaterally radiate through the 

infrared atmosphere transparency window. As the surface emissivity increases, the cooling 

performance improves until the temperatures of the surface and the atmosphere becomes same 

(   -       ). There is no radiative heat transfer when the surface emissivity is zero. In this 

case, the surface is a perfect mirror, and the result overlapped with the y-axis is zero. This is 

because of the emissivity of the surface is constant and energy from the atmosphere is 

selectively absorbed to balance the energy emitted. Increasing the emissivity has a significant 

effect on the radiative cooling performance of surfaces in the atmospheric transparency 

window.  

However, the cooling power drops sharply as the surface temperature decreases. The designed 

metamaterial emitter has an average emissivity of 89.5 % in the required atmospheric window. 

The corresponding electric field distributions at the resonant positions are investigated to 

Figure out the enhanced filed in the absorption layer. To produce radiative cooling, the 

resulting power      ( ) should be positive. When      ( )   , the temperature of the 

structure is corresponding to the steady state temperature. This is an equilibrium temperature; 

if the external conditions do not change, the structure should stay at this temperature. So, 

if      ( )   , the power excess represents the radiative cooling power. If the structure stays 

in the same external conditions, its temperature should naturally decrease.  

Due to the excellent cooling performance of the designed metamaterial emitter, the potential 

application of this metamaterial emitter can be used for radiative cooling application. A 

simplified structure which produces a good radiative cooling power was also obtained. We 

have shown that it is possible to design structures, which are very emissive in the atmospheric 
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transparency window. The disc structures illustrate the unique ability for a strictly selective 

and robust thermal emissivity within the required atmospheric transparency window. Our 

approach shows that instead of using bulk materials, especially designed metal-dielectric-

metal structures can be engineered to yield superior characteristics for engineered thermal 

radiation. Utilizing its broadband emission spanning over the entire 8 - 13 μm atmospheric 

transparency window of the atmosphere, the disc emitters can appear as emerging candidate 

for liberating heat directly to the free outer space. 

In summary, we have designed and theoretically demonstrated a metamaterial thermal emitter 

for high performance radiative cooling, based on disc structure consisting of Ag and TiO2. 

Through utilizing the electromagnetic resonance modes and anti-reflection of the 

metamaterials, near-ideal unity emissivity in the required atmospheric windows can be 

achieved, which provides a radiative cooling power over 200.4 W/m
2
 at the ambient 

temperature (300 K), and there is a potential to reach an equilibrium temperature of 268.25 K. 

Even the designed metamaterial emitter holds the potential of cooling down 31.75 °C below 

the ambient temperature. 

5.2 Recommendations 

Various passive cooling techniques have been developed by researchers and engineers. The 

general mechanism of passive cooling is actually by dissipating heat from buildings to the 

environmental heat sink. Radiative cooling is attracting more interest from building engineers 

and architects. Using the sky as the heat sink, a radiative cooling material can be passively 

cooled by emitting heat to the sky. As a result of the development of material technology, 

radiative cooling research has been revived, with the aim of increasing the materials‟ cooling 

power as well as finding reliable ways to utilize it in cooling for buildings. A passive radiative 

cooler made of the disc structures can appear as a strong competent to other active cooling 

devices consuming substantial electrical energy. Different structures should be properly 

designed to obtain high radiative cooling performance, particularly we recommend that, 

metamaterial emitter for radiative cooling requires a further study for the future. To enhance 

the performance of cooling power, high emitter metamaterials with different structures will 

need the further study. 
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