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Metal-oxide plasmonic metamaterials  

for infrared spectroscopy and thermal management 

by Wei Xiao 

The control and manipulation of the optical properties of plasmonic metamaterials have 

attracted much interest in the last decade due to the demand for achieving ultracompact, 

highly efficient, low energy consumption optical devices. However, the optical 

performance of plasmonic devices is limited by a lack of tunability once fabricated due to 

the intrinsic properties of conventional plasmonic materials such as Silver and Gold. One of 

the promising research interests is to utilize tunable materials like metal oxides, which play 

a particularly important role in the manipulation of electromagnetic radiation for infrared 

spectroscopy and thermal management. In this thesis, a new patterning technic based on 

Aluminium-doped Zinc Oxide (AZO) was investigated, and the AZO-based planar Optical 

Solar Reflector (OSR) device was designed, fabricated, and characterized. Results were 

compared with conventional physically etched OSR, where it was found that the plasma 

patterning OSR has a flat surface which owns comparable the same optical response, better 

mechanical properties, and broader applications. Next, visually transparent thermal 

emitters based on AZO and phase change material VO2 were also proposed to achieve high 

transmittance in the visible range and high thermal emissivity for radiative cooling purpose. 

For the goal of large-scale manufacturing of thermal management radiative cooling films 

for both terrestrial and space applications, a new radiative cooler structure was designed 

and fabricated with the help of Genetic Algorithm (GA). To prove the versatility and 

robustness of the developed GA, the GA was also applied for the optimizations of two VO2 

-based infrared emissivity tunable device (positive and negative differential emissivity 

devices) to maximize the emissivity contrast, and the optimization of Distributed Bragg 

Reflector optimization with broadband visible reflectance and high infrared transparency.
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Chapter 1 LƴǘǊƻŘǳŎǘƛƻƴ 

With the rapid development of science and technology, the demand and application for 

ultracompact and active controlled nanophotonic and plasmonic devices are of great importance 

owing to their  advantages of low cost, high integration level and tunability [1]. In the last decades, 

scientists around the world have conducted a lot of research on plasmonic structures for their light 

confinement capabilities in subwavelength scale, leading the applications in optical imaging [2], 

sensing systems [3], surface-enhanced microscopy [4], and metamaterials and perfect absorbers [5, 

6]. However, most traditional plasmonic devices are characterised by a lack of tunability in optical 

performance once they have been fabricated. Conventional noble metals based plasmonic 

nanostructures are mainly applied in ultraviolet and visible range due to their very high plasmon 

frequency as compared to doped semiconductors and doped metal oxides which have plasmon 

frequencies in the near-infrared to terahertz range [7]. One promising research direction is aimed 

to enable new types of devices with a tunability in infrared spectroscopy using such alternative 

plasmonic materials [8].  

Next to the issue of materials there is an interest in the design aspects of nanodevices. For many 

years, the design of plasmonic device has relied on the researcher’s experience and intuition and 

therefore the design might be not fully optimised and lack of efficiency. A simpler device design 

using an advanced algorithm would therefore significantly decrease the fabrication cost and pave 

the way for the practical applications. 

The topic of this thesis is to apply the metal oxide plasmonic metamaterials on the application of 

infrared spectroscopy and thermal management, which includes the optical device design, 

fabrication, characterization, and further optimization by advanced algorithm. The aim is to 

manipulate the properties of the optical devices for infrared thermal radiation control and overall 

thermal management. Passive and self-adaptive infrared thermal radiation devices can be applied 

for different application scenarios. The design of these devices is related to the materials, 

compositions and structures, which need to be carefully selected to meet the specific demand.   

1.1 Plasmonics and metasurface for absorption enhancement 

The basic principle of plasmonics is the collective electron oscillations at the interface between a 

metal and dielectric and it will lead to the strong electromagnetic field enhancement with a scale 

below the diffraction limit [9]. Recently, plasmonic nanophotoelectronic systems and devices, such 

as perfect absorber based on noble metals, have drawn lots of attentions for their strong 

electromagnetic field enhancements, excellent light localization and high compatibility with 
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photoelectronic integrated circuits etc [10] [11]. Plasmonics is an excellent way to manipulate and 

control light for ultracompact devices and has been applied for the modulation of the amplitude, 

phase and polarization of the light, which is related to the sizes, shapes and materials of the 

plasmonic nanostructures [12] [13]. Most plasmonic nanostructures are composed of sub-

wavelength-sized metal or dielectric components and exhibit some exotic electromagnetic 

response which cannot be found in nature, and this type of structure is named metamaterial. 

Metamaterials have been extensively investigated for their applications in negative refraction, 

invisible cloaking, and perfect absorbers [14-17]. Among these applications, the metamaterial-

based perfect absorber has gained great attention for its promising applications in thermal emitters, 

infrared detectors, and radar stealth [18-20]. In 2008, Prof. Padilla’s group experimentally 

demonstrated the metamaterial perfect absorber with 96% absorption at the gigahertz frequency 

[21]. Thereafter, a series of perfect absorbers have been demonstrated based on various physical 

mechanisms such as impedance matching, cavity mode resonance, localized surface plasmon 

resonance and guided-mode resonance [22-25]. 

One specific type of structure used for metamaterial perfect absorber is Metal-Insulator-Metal 

(MIM) structure or Salisbury screen [26]. MIM structure is a kind of sandwiched structure which is 

formed by setting a dielectric layer between two metallic layers, one on top and the other at the 

bottom, as schematically illustrated in Figure 1.1 (a), and it contains modes which are strongly 

confined in the insulator gap region, and thus will depend sensitively on its properties. The 

plasmonic resonance of the structure can be tuned through adjusting the thickness of the dielectric 

layer [27]. For the stacked metals and semiconductors, the absorption can be adjusted according 

to the theory of Fabry-Pérot resonances due to the optical interference [28]. The mechanism of the 

MIM structure is briefly described here. Firstly, the incident EM wave splits into two waves when it 

comes to the top metallic layer, with one wave reflected from the top metallic layer and the other 

wave passing through the dielectric layer and then reflected from the bottom metal layer. Through 

properly selecting the thickness of the dielectric layer, the reflected second wave from the bottom 

metal layer will pass back out of the dielectric and reach the top surface, the 180° out of face of the 

second wave will combine with the first wave and form the cancellation of the wave (destructive 

interference). Therefore, the perfect absorption for a certain wavelength range can be achieved.   
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Figure 1.1 Schematic structure of (a) the metal-insulator-metal structure and (b) patterned 

metasurface 

However, the MIM structure can only enhance a narrow bandwidth absorption near the central 

resonance wavelength and some discrete absorption peaks. The absorption can be further 

improved and broadened by forming a metasurface made of an array of plasmonic nanostructure 

with subwavelength dimensions. Metasurfaces can be used in manipulating the amplitude, phase 

and polarization properties of the incident light [29] [30]. The merit of replacing the top bulk layer 

with a dense array of plasmonics nanostructure is to match the impedance through proper 

structure design and reduce the transmittance by increasing the optical loss and electromagnetic 

wave localization [31].  

Most patterned structures are formed by a lithography and etching process. The science behind the 

patterning is that the patterned structure has a complex refractive index difference between the 

etched area and remained area. Basically, we could achieve the same functionality by lithographic 

patterning without getting a physical etched pattern, which will be introduced in Chapter 3 [32, 33].  

1.2 Infrared spectroscopy and thermal radiation 

Infrared spectroscopy is a type of analytical technology which can measure the interaction of 

electromagnetic radiation with matter in the infrared range. Infrared spectroscopy includes a wide 

spectral range, and it can be divided into three different regions including near-, mid- and far- 

infrared based on their different relations to the visible range. The near-infrared approximately 

from 14000-4000 cm-1 corresponding to wavelength from 0.8-2.5 µm, has higher energy among 

infrared due to higher frequency, which enables its ability to excite harmonic vibrations. The mid-

infrared from 4000-400 cm-1, corresponding to wavelength from 2.5-25 µm is common used to 

verify the fundamental vibration and rotational-vibrational structure. The far-infrared from 400 to 
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10 cm-1 corresponding to wavelength from 25-1000 µm has lower energy, which is used on 

rotational spectroscopy [34]. Among the spectral ranges, the mid-infrared range profoundly 

influences daily life, which contains the molecular fingerprint for distinguishing the compounds and 

includes atmospheric thermal radiation window (8-13 µm) and the thermal radiation for most 

objects on earth, which is essential for the applications like sensing, imaging, camouflage and 

thermal management [35, 36].  

Thermal radiation is a universal phenomenon. All the objects with temperature above absolute zero 

emit thermal radiation because of the random energy level transitions within the matter. As one of 

the three main heat exchange ways, thermal radiation plays an important role on temperature 

regulation. According to the Stephan-Boltzmann law, the thermal radiation power ὖ  of the 

surface of an object at temperature Ὕ is proportional to the emissivity and the fourth power of Ὕ, 

as shown in the Equation 1.1, 

ὖ ‐„Ὕ  (1.1) 

where ‐ denotes the surface emissivity of the object and the „ is the Stephan-Boltzmann constant. 

Thus, there are two ways for the thermal radiation power regulation including the control of the 

emissivity ‐ and the temperature Ὕ. While the power consumption for the heating and cooling of 

the object is relatively high and hard to control, controlling the surface emissivity by covering an 

object with the desired emissivity material is more feasible for the thermal regulation control and 

can be applied for a range of applications. The emissivity is a dimensionless number between 0 and 

1 according to the Planck’s law, and can be expressed by Equation 1.2: 

‐Ὕ
᷿ ὃ‗ȟὝ ὖ ‗ȟὝὨ‗

᷿ ὖ ‗ȟὝὨ‗
 

 

(1.2) 

where ‗ and ‗ denotes the wavelength range, which is normally from 2.5 µm to 25 µm, ὃ‗ȟὝ 

represents absorptance at temperature Ὕ and wavelength ‗ and ὖ ‗ȟὝ represents the radiation 

power at temperature Ὕ and wavelength ‗.  

Mid-infrared absorptance can be measured using an Infrared spectrometer (Absorptance being 

defined as 1-Reflectance-Transmittance). The most common instrument used in the lab to collect 

the infrared spectroscopy is called Fourier-transform infrared (FTIR) spectroscopy, which could 

measure a wide range of wavelengths (400-10000 cm-1) at a time compared to a dispersive 

spectrometer, this technique will be introduced in Chapter 2.  
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1.3 Plasmonic materials and applications 

Over the last decades, metallic nanostructures have the advantage on enhancing the electric field 

down to the diffraction limit due to excitation of localized surface plasmons (LSPs). Gold is the most 

widely used noble metal in plasmonics due to its plasmonic resonance located at visible range [37]. 

Besides, other noble metals such as silver (Ag) and copper (Cu) have also been widely investigated 

due to their excellent plasmon responses in visible light regions [38]. Except for these noble metals, 

Aluminium is also investigated for its advantages of higher luminescence efficiency and better 

radiator in the near Ultraviolet (UV) / visible range, while a few nanometres thick native oxide and 

intraband transition in near-IR influences its plasmonic properties and limits its application on 

sensing [37] [39]. The above metals act as main plasmonics building blocks in the last decades. 

However, the plasmonic and metasurface devices are developing towards multi-functionality and 

tunability. The multi-functionality could be achieved through changing the device configurations or 

structures, while the materials with tunable properties are rarely offered in nature. The properties 

of most optical devices are unchangeable after fabricated. However, some applications like infrared 

camouflage, optical sensors and radiative cooling devices prefer tunability according to external 

stimuli and therefore it is essential to develop tunable optical devices. Metal oxides, which have a 

carrier concentration between the dielectric and noble metal, are the most promising materials for 

infrared spectroscopy applications. It can avoid the issue of high optical loss in the infrared and the 

lack of tunability of the noble metals [10] [40]. Here, two metal oxides-based plasmonic materials 

are used in this thesis, including Aluminium-doped Zinc Oxide (AZO) and Vanadium Dioxide (VO2), 

and the optical properties of these two materials could be tuned according to external stimuli such 

as temperature, voltage or optical excitation. 

1.3.1 Aluminium-doped Zinc Oxides 

Recently, some alternative materials for plasmonics have been investigated, including doped 

semiconductors [41], graphene-like two-dimensional (2D) material [42], and Transparent 

Conductive Oxides [43], because they have demonstrated outstanding plasmonics photo-response 

in a broader spectral range, including infrared and terahertz range, and those materials also show 

tunability which means their carrier concentrations can be tuned through some external 

parameters, such as electric fields, optical excitation, magnetic field intensity,  heating, post-

treatment by annealing or plasma (O2/H2) and pressure [44] [45]. Among these alternative materials, 

Transparent Conductive Oxides (TCOs) are promising for their good DC-conductivity in electronics, 

high transparency and low loss in optics and good compatibility in complementary metal-oxide-

semiconductor (CMOS) electronic devices, and therefore TCOs have been widely used as 

transparent electrodes e.g., panel display and solar cells [46] [47]. Besides, TCOs have been 
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developed as a useful material in ultrafast switchable medium and high nonlinearity [48] [49] [50]. 

The transition wavelength of TCOs, which is also called epsilon-near-zero (ENZ), is because of very 

small electric permittivity causing the optical properties to  from dielectric to metallic response, 

enhanced nonlinearities and resonance shift will occur in this special ENZ region [51] [52].  

The optical properties of the plasmonic materials followed the Drude model, and the permittivity 

is controlled by the carrier density: 

ʀ‫ ‐Ŝ
‫

‫ ɜ
Ὦ

‫ɜ

‫‫ ɜ
 

 

(1.3) 

The electrical permittivity of the material is determined by the background dielectric constant ‐Ŝ, 

the plasma frequency  ‫  and the scattering constant ɜ, the other two parameters are given by [4]: 

  ‫ ᶻ       and      ɜ ᶻ  (1.4) 

Where N is the carrier concentration, m* is the effective electron mass, ʁ0 is the permittivity of 

vacuum, e is the electron charge and ˃ is the electron mobility. 

The carrier concentration of TCOs with a very thin layer corresponding to the electronic screening 

length (order 10s nm) can be tuned through changing different doping during deposition and 

applying bias afterward [53]. The carrier concentration of semiconductor will greatly affect the 

optical properties, compared with noble metals with high carrier concentration (around  1022-1023 

cm-3) which causes the plasmonic resonance mainly for shorter wavelength, TCOs owns dielectric 

response in the visible range and the ENZ region is located at near-infrared and middle-infrared 

which enables the plasmonic behaviour of TCOs exhibiting in infrared spectra range [54]. 

Conventional semiconductors with doping levels of about 1018 to 1019 cm-3 do not display metallic 

optical properties in the near-IR. The carrier concentration of TCO can be adjusted from 1019 to 1021 

with different doping concentrations, which enables TCO as a good candidate in the near-IR and 

mid-IR range by proper doping [55] [56].  

Typical TCO materials are ITO (Indium-doped Tin Oxide) and AZO (Aluminium-doped Zinc Oxide). In 

the literature both are used, here we are using Aluminium-doped Zinc Oxide (AZO) since AZO 

possesses more advantages than ITO, including low cost (more abundant in earth crust), Nontoxicity 

(indium and tin are harmful to immune system), high stability (ITO is easily to be oxidised), lower 

electrical resistivity and higher transmittance [57]. Besides, as we show in this thesis, the carrier 

concentration of the AZO can be post-treated by oxygen plasma resulting in over one order of 

magnitude change in carrier density from several times 1020 to <1019 cm-3, which enables AZO as a 

good candidate in our research. AZO can be formed through various deposition techniques, e.g., 
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pulsed-laser deposition, RF sputtering, chemical vapor deposition, sol-gel and atomic layer 

deposition (ALD). Among these techniques, the ALD process is preferable for its lower process 

temperature, excellent uniformity, accurate thickness control as well as high reproducibility owning 

to its surface-saturated and self-limiting reaction mechanism. More importantly, the Al content in 

ZnO can be uniformly and accurately controlled through the ratio control of Al2O3 cycles and ZnO 

cycles [58]. 

1.3.2 Vanadium Dioxide 

Even though the AZO has a good tunability in the infrared range, the optical properties cannot be 

tuned without energy input. Materials showing phase transitions like VO2 or phase change materials 

(PCMs) like some chalcogenide glasses are the most common material with smart switching 

behaviour due to their structural or electronic phase transition. Compared to PCMs, VO2 shows a 

volatile (non-permanent) phase transition with a transition temperature nearest to the room 

temperature, which is associated with dramatic change of optical and electrical properties. 

 

Figure 1.2 Schematics of the insulator-monoclinic and metallic-rutile phases of VO2, and the 

corresponding bandgap in monoclinic phase (left) and rutile phase (right) [59]. 

VO2 is a type of thermochromic material with a semiconductor-to-metal transition at a critical 

temperature Ὕ=341K, which has gained extensive interest since early work in 1959 by Morin [60]. 

VO2 exhibits dramatic changes in its electrical and optical properties, which shows a metallic 

behaviour over the Ὕ  and a dielectric response below the Ὕ . Moreover, the transition 

temperature could be further reduced to room temperature through doping introduction of W,  Mo 

or by patterning, so that VO2 has been applied on some applications like smart windows for energy-

efficient purpose due to its reflectance change in the near infrared region [32, 61-64]. Furthermore, 

the abrupt change of reflectance of VO2 in the mid-infrared range makes it a good candidate for 
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thermal radiation applications, which could own tunable emittance according to the surrounding 

temperature [65]. The VO2-based active thermal regulation device has the advantage of no power 

requirement and attracts a lot of research interest. 

As shown in Figure 1.2, the VO2 shows different crystal structures and reversible phase change close 

to the transition temperature Ὕ when it is at monoclinic (M) and rutile (R) phases. There are several 

assumptions for the phase transition mechanism of VO2. One assumption is that the d-electron of 

Vanadium (V) atoms in the symmetrical structure combines with the V-V bonds in low symmetrical 

structure during the phase change, and the V-V localized structure from the high temperature 

delocalized phase leading to the insulating property. However, other hypothesis consider the 

metallic property above the Ὕ is because the Fermi level is between the “ᶻ band and the Ὠȿȿ band 

and the insulative property in M phase is because the Ὠȿȿ band splits into two parts and results in a 

gap between the Ὠȿȿ band and “ᶻ band where the Fermi level is inside this two bands, as shown in 

the bottom of the Figure 1.2. However, there is no unified explanation yet.     

1.4 Outline of the thesis 

This thesis offers a comprehensive description of our experimental work on the metal oxides-based 

plasmonic metamaterials for infrared spectroscopy and thermal management, which is mainly 

consisting of two background chapters and three experimental chapters. Chapter 1 provides some 

introductions of the fundamentals of plasmonics, metasurfaces, infrared spectroscopy and thermal 

radiation, besides, the two main metal oxides materials AZO and VO2 will be introduced. Chapter 2 

introduces the material deposition and patterning tools for the fabrication of the optical devices, 

such as the E-beam Evaporator, Atomic Layer Deposition (ALD), Sputter, Plasma Enhance Chemical 

Vapor Deposition (PECVD) and E-beam Lithography (EBL), as well as the characterization techniques: 

Fourier Transformed Infrared Spectroscopy (FTIR), Ellipsometry, Scanning Electron Microscopy 

(SEM) and Atomic Force Microscopy (AFM). Besides, the optical calculation methods including 

Transfer Matrix Methods (for the multilayer structure) and Lumerical FDTD (for metasurface 

structure) are described. 

Chapters 3-5 of this thesis form the main simulation and experimental results of this project. 

Chapter 3 introduces a new plasma-based patterning technique for forming an optical metasurface 

without physical patterning. The plasma patterned metareflector and etched metareflector were 

designed, fabricated, and characterised. The resulting devices are shown to have a consistent broad 

infrared absorption spectrum, whereas the surface of the plasma patterned metareflector is flat 

and patterns are invisible to the human eye. In Chapter 4, two different transparent thermal 

emitters based on AZO and VO2 are designed and fabricated, the AZO-based visually transparent 
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thermal emitter shows a high infrared thermal radiation and high visible transparent, and the VO2-

based visually transparent thermal emitter also display a relatively high visible transparency while 

shows a 30% infrared emissivity tunability, which is promising for the self-adaptive radiative cooling 

for the colored objects. Finally in Chapter 5, a genetic algorithm is used for the multi-spectral 

infrared optical device optimization, involving thin-film multilayer structures for radiative coolers 

for terrestrial and space applications (also named Optical Solar Reflector). The structures are 

optimised, fabricated, and characterized. These two radiative coolers both have low solar 

absorption, and the terrestrial radiative cooler has high thermal radiation from 8 to 13 µm while 

the extra-terrestrial Optical Solar Reflector shows broader thermal radiation over the mid-infrared 

range. Besides, two VO2-based thermal emissivity tunable devices were designed with the genetic 

algorithm and analysed, and the maximum infrared tunability was achieved for both the positive 

and negative differential thermal emissivity devices.  The final chapter concludes this thesis and 

gives an outlook.  
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Chapter 2 CŀōǊƛŎŀǘƛƻƴ ŀƴŘ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ǘŜŎƘƴƛǉǳŜǎ 

ŀƴŘ ǎƛƳǳƭŀǘƛƻƴ ǾŀƭƛŘŀǘƛƻƴ 

The first part of this chapter will introduce several film deposition techniques and the ways for 

patterning the nanostructures which are mainly done by E-Beam Lithography and Etching for works 

in this thesis. The second part describes some characterizations techniques which could be used for 

the deposited thin films and fabricated devices. The key parameters for the successful fabrication 

of the sample include the complex refractive index, thin film thickness, uniformity, deposition rate 

and etching rate, which are based on the Ellipsometry. The last part of this chapter deals with the 

calculation methods for the infrared photonics device, including the Transfer Matrix Methods and 

Lumerical FDTD which can be used for multilayer structure and complicated structure, respectively. 

2.1 Film deposition and patterning techniques 

Film deposition is one of the most vital parts for the device fabrication, not only because the film 

itself plays an important role on the application like data storage media, sensor, solar cells, and 

optical coating (such as high reflection coating and antireflection coating), but also a fundamental 

step for forming the patterned micro/nanostructures [66-70]. The film deposition methods could 

be mainly divided into two categories, including Physical Vapour Deposition (PVD) and Chemical 

Vapor Deposition (CVD). The PVD primarily involves with physical changes, and it forms materials 

on a substrate through a thermal/electron-beam evaporation or ion bombardment of the target 

material. The PVD processes occurs at the atomic or molecular scale, and could produce films with 

a high purity [71]. CVD are normally involved with chemical changes, which mixes the source 

materials with one or more precursors, the advantages of the CVD is that it could be applied for 

depositing film evenly on irregular surface and cover a wider range of elements and compounds 

[72]. In our work, some of the materials are deposited with reactive PVD, which also involves 

chemical reactions., e.g., evaporation using oxygen to ensure stoichiometry. For getting a 

micro/nanostructure pattern, some patterning techniques are used for defining the dimensions of 

the desired micro/nanostructures, including photolithography and E-Beam Lithography (EBL), the 

contact photolithography uses in most of the campus cleanroom are limited by its resolution over 

1 micron due to the diffraction limit, therefore, the EBL is preferred for some high-resolution 

nanostructures patterning down to sub-50 nm. In this part, some thin film deposition tools for the 

devices fabrication in this thesis will be introduced, as well as the high-resolution EBL system and 

patterning methods. 
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2.1.1 Electron Beam Evaporation 

Electron Beam Evaporation (EBE) is a type of Physical Vapor Deposition, and the target is thermally 

evaporated with an electron beam from the tungsten filament. The evaporation processes are 

performed at a pressure of 1x10-5 Torr or lower in order to ensure the mean distance between 

collisions of vapour species is longer than the distance between source and wafer. A lower pressure 

means that a higher quality metallic film could deposited due to reduction of water vapour partial 

pressure in the chamber. Compared with CVD, the substrate is not necessarily to be heated and the 

deposition rate can yield from 0.1 to 100 µm/min even at a relatively low substrate temperature. 

Evaporated species normally possess very low energies, which is around an electron volt. The wafer 

should be cleaned and free from any contaminants to ensure a good adhesion with the evaporated 

film. Several target materials could be deposited including the Aluminium, Gold, Silver, Chromium, 

and Titanium. 

After the loading of the target materials and pumping down the chamber to the base pressure, the 

filament of the EBE is heated to a temperature at which the electrons could overcome the work 

function to escape the target and enter the chamber. The accelerating voltages of the electron from 

the filament is biased to typically around 8,000 V. Then the emitted electron beam is curved and 

focussed onto the target material by a magnet assembly inside the E-gun, and the electron beam is 

injected into the target material via the controlling of electric and magnetic fields, and the kinetic 

energy of the high-speed electron is converted to thermal energy and vaporize the target material 

in a high vacuum. These vapor atoms are precipitated into solid and coat the whole chamber, which 

means most evaporated material is wasted and deposited on the chamber wall. 

2.1.2 Sputtering 

The sputtering system used in this work is a Bühler Helios Sputter System. This tool has two mid-

frequency plasma sources (for dielectric sputtering) and one DC source (for metal sputtering). The 

sputter source is made of two separate sputter electrodes that act as sputter cathodes alternatively. 

The alternating electrical field for the alternating polarity of the electrodes is provided by the mid-

frequency generator, while the dielectric sputter sources are supplied by the same MF generator 

and can only operate separately. Each sputter electrode is equipped with a rectangular target which 

is bonded on to a copper backing plate and connected with a water-cooled cover, the cover includes 

a magnetic system for increasing the plasma intensity.  

Figure 2.1 shows how the sputtering system works for the deposition of the Aluminium film. The 

energetic ions (Ar) are accelerated by an electric field, and then the target atoms are ejected from 

to the solid target material to the substrate due to the bombardment by the energetic ions. After 
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that, like the E-beam Evaporation, the target atoms would deposit on the substate to form a film. 

To improve the adhesion and film quality, the plasma source could be used for the pre-treating or 

pre-cleaning a substrate, which is depending on the gases imported, for example, the Ar could be 

used for pre-cleaning the substrate through removing the surface contaminants like water vapor 

and hydrocarbon. Three different targets could be installed in the Helios, so that up to 6 different 

compounds and 3 elements could be deposited with two plasma sources (O2 or N2) and DC source, 

respectively. 

 

Figure 2.1 Schematics of the Al film sputtering onto the substrate 

2.1.3 Atomic Layer Deposition 

Atomic Layer Deposition (ALD) is a chemical vapor deposition technique. The surface of the 

substrate is exposed to sequential use of gaseous reactants (called precursors) at a time, and the 

release of the precursors is controlled with fast-switching valves that typically operate in milli-

seconds. The thin film is slowly grown on the substrate by repeated exposures to non-overlapping 

precursors. The deposition rates for the ALD are relatively low due to the self-limiting feature, and 

the repeating dose and purge sequence of the precursors results in an excellent conformal and high 

uniformity thin film. Compared with other CVD techniques, the precursors are never exposed at the 

same time but inserted as sequential pulses. The surface of the substrates reacts with each pulse 

in a self-limiting way, and thus the reaction would be terminated when all the reactive sites on the 

surface are occupied. The thickness can therefore be accurately controlled by setting the number 

of cycles.  
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In this thesis, the AZO is grown with ALD using Trimethylaluminium (TMA), Diethylzinc (DEZ) and 

H2O precursors, which is a combination of ZnO process using DEZ and H2O precursors and Al2O3 

process using TMA and H2O precursors. The different Aluminium doping concentrations are 

achieved by setting different TMA and DEZ precursor cycle ratios during the film growth. 

2.1.4 Electron Beam Lithography and patterning 

 

Figure 2.2 Schematics of the lift-off and etching patterning processes 

Electron Beam Lithography (EBL) is a very powerful tool to define patterns at the nanoscale. The 

development of EBL can be dated back to the late 1960s by modifying the SEM [73]. The main 

difference between the EBL and SEM is that the EBL is used to scan and expose the resist according 

to the defined pattern while the SEM is scanning the sample and collecting the secondary electrons 

to get an image. The process for defining the structure is very similar to the photolithography, and 

it will go through similar processes including the photoresist spin-coating, electron beam exposure 

and subsequently development. The key difference for EBL is that the resist is exposed by electron 

beam instead of light radiation. The resolution of the EBL (JEOL JBX-9300FS) at Southampton 

Nanofabrication Centre could go down to sub-10 nm. The proximity effect exists during the EBL 

process and refers to the phenomenon that the exposed pattern is wider than the desired scanned 

pattern [74].  The proximity effect is because the multiple elastic and inelastic scattering of the 
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electrons can expose the undesired area and give unwanted features after the development, so 

that the proximity correction should be performed before the exposure, besides, the high 

accelerating voltage could help with reducing the proximity effect [75]. 

The patterning methods for nanostructures are different depending on the materials, the 

patterning methods could be divided into lift-off and etching. For the materials like Gold which are 

very soft and easy to break, the gold nanostructure can be pattered by lift-off method, the normal 

procedures for the patterning are shown in Figure 2.2 (a) including spin-coating resist, EBL exposure, 

development, gold evaporation and then lift-off. However, the EBL step is after the materials 

deposition for some other materials, which patterning the material by etching as shown in Figure 

2.2 (b), and the normal procedures are material deposition, spin-coating resist, EBL exposure, 

development, etching and resist removal. The etching methods used in this thesis are including the 

Inductively Coupled Plasma Etching (ICP) and Ion Beam Etching (IBE), which are using plasma source 

and ion bombardment etching, respectively. The difference between the ICP and IBE is the ICP is 

use the plasma sources (fluorine-based or chlorine-based) chemically selective etching the 

materials, while the IBE is a physically Argon ion bombardment etching and thus not selective. 

Moreover, the right chosen of the photoresist like using positive photoresist for metal antenna 

could significantly reduce the writing time for E-beam Lithography. The resist used in this thesis is 

ZEP520A, which is a positive E-beam resist with resolution down to sub-50 nm [76]. 

2.2 Sample characterization tools  

2.2.1 Fourier Transform Infrared Spectroscopy 

The Fourier Transform Infrared (FTIR) spectrometer used in our lab is called Nicolet Continuμm 

Infrared Microscope with a 15× optical objective with a numerical aperture of 0.58, it combines 

normal FTIR (Michelson interferometer) with an optical microscopy, which offers user to measure 

the reflectance or transmittance of a micro-area down to 10 µm square. The most important part 

for this setup is the Michelson interferometer, the mechanism of Michelson interferometer is to 

produce an interference pattern of a recombined beam from zero path difference to a maximum 

length, where the different optical path differences are achieved by moving a mirror with precise 

micrometre drive and calibrated using an internal HeNe laser ruler. After collection of the 

interferogram, the field-field correlation function is converted to a power spectrum in the 

frequency-domain by Fourier transformation (Wiener-Khinchin theorem).  

FTIR spectrometers are mostly used in the mid and near IR due to the availability of light sources 

(white light and IR blackbody source) and beamsplitters (KBr with a germanium-based coating, ZnSe 
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and CaF2) inside the machine. For near infrared measurement, the CaF2 beamsplitter is preferred 

due to less sensitive to moisture but it cannot be used above 8 µm wavelength. KBr beamsplitter 

can be used for mid infrared measurement, but strong absorption at wavelength more than 25 µm 

limit its range toward longer wavelengths. Choosing the right beamsplitter and light source is 

important during the measurement.  

 

Figure 2.3 Schematics of the Fourier-transform infrared (FTIR) spectroscopy integrated with an 

optical microscopy 

The microscope is equipped with a Mercury-Cadmium-Telluride (MCT) detector, which could collect 

the infrared spectrum ranging from 11,700 to 600 cm-1. However, the detector should be cooled 

down with liquid Nitrogen (63 to 77.2 K at normal atmospheric pressure) for over 30 mins before 

taking any measurement, and then the temperature of MCT detector will be stabilized around 77 

K, which could reduce the dark current and thereby reduce the noise and increase the measuring 

resolution [77]. 

This setup has two different modes for measuring the reflectance and transmittance, which are 

switched and adjusted manually. An Al mirror or Au mirror are normally used as a reference in 

reflection mode because of their high infrared reflectance and the collected reflectance spectra are 

normalized to the reference spectrum. For transmission, often a plain substrate is used as a 

reference during measurements as this ensures minimum disruption of the setup. The substrate 

can be referenced to air by removing the sample from the beam path however this requires 

refocusing of the collimation optics due to the resulting changes in optical path length.  The 

collected spectrum will also be affected by the surrounding environment, which is mainly because 
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of the absorption of water vapor and the CO2, the water vapor will affect the absorption region at 

4000-3400 cm-1 and 2000-1300 cm-1, and the absorption peaks of CO2 are mainly located around 

2349 cm-1 (due to asymmetric stretch) and 667 cm-1 (due to doubly degenerate bend) [78]. 

2.2.2 Ellipsometry 

 

Figure 2.4 Schematic of the basic elements of an ellipsometry's source and receiver part 

Ellipsometry is an optical setup to measure the change (phase shift Psi Ψ and amplitude Delta Δ) of 

polarization as the incident light reflects or transmits from a thin film sample and compare with a 

model. It can be applied for measuring the thin film thickness, surface roughness, refractive index, 

composition, crystallinity, anisotropy, doping concentration and other materials properties. Even 

though the complex refractive index of the sample cannot be measured directly, but the refractive 

index can be converted from the measured Δ and Ψ by using an analysis model. As one of the most 

important tools for the optical film characterization for this thesis, the principle and setup of the 

ellipsometry should be fully understood. 

The Δ and Ψ can be related to the ratio of complex Fresnel reflection coefficients, rp and rs, which 

represents for p- and s- polarized light, respectively. Reflectance measuring equipment like FTIR 

only measures amplitudes and no information relating to polarization. The measurement of Δ and 

Ψ allows Ellipsometry to accurately measure information relating to very thin (several nm) thin films. 

When a deposited film is measured by Ellipsometry, a model of its optical properties will be 

constructed in CompleteEase software by using a-priori knowledge of the sample under test or in 

database. When the measured data sufficiently matches the generated model then the sample is 

considered analysed. The fitting procedure in the CompleteEase software could determine the film 

thickness and complex refractive index of the film. Please note the Ellipsometry can only measure 

metallic film up to a thickness of less than 30 nm due to the optical thickness of some reflective 

metals like Al and Au. 
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The Ellipsometer is mainly consisted of two heads including the source head and the receiver head. 

The source head is for establishing the initial polarization and it is made of Lamps sources for broad 

wavelength (like Deuterium, Xenon, Tungsten) and polarization generator. The receiver head is for 

determining final polarization and it is consisted of detectors for measuring the light intensity and 

other polarization analyser. The Ellipsometry used for this thesis is Woollam M-2000 XI 

Spectroscopic Ellipsometer system. The spectral range for the detectors is from 193 nm to 1,700 

nm, which is covered UV spectrometer (193-1,000 nm) and IR spectrometer (1,000-1,700 nm). The 

Ellipsometry is equipped with a camera to see the beam spot size, the beam spot size could be 

down to 0.3 mm with the focus probe attachments. The incident angle ranges selected during the 

measurement are from 50 to 75 degrees due to the better signal to noise ratio. The complex 

refractive index of some deposited materials like SiO2 and SiN in the mid-infrared range is got from 

our collaborator in Nottingham Trent University. 

2.2.3 Scanning Electron Microscopy 

Electron Microscopy has become a powerful tool for the morphology characterization of 

micron/nanostructures, which is using accelerated electrons as the illumination source. Unlike the 

traditional light microscopy with resolution around 200 nm limited by diffraction, the Electron 

Microscopy has shown much better resolution down to 1 nm, which is because the high energy of 

the electron (2-5 K eV for imaging) in electron microscopy compared to the normal visible light 

energy 2-3 eV for light microscopy.  

Scanning Electron Microscopy is widely used for examining microscopic topograph of the specimens. 

The image is generated by scanning an extremely small rectangular area with a focused electron 

beam, and then the energy of electron beam will lose and convert into a variety forms like X-ray 

emission, secondary electrons emission and backscattered electrons emission, heat or 

cathodoluminescence when the electron beam interacts with the sample surface atoms. Those 

converted energy carried the signal and information about the sample surface. Among those signals, 

the secondary electrons and backscattered electrons will be captured by a secondary electron 

detector and displayed as an image for showing the surface morphology information. The 

brightness is corresponding to the intensity of the secondary electrons and related to the surface 

morphology. For getting a high-resolution image and avoiding the surface charging problem during 

the measurement, a thin layer of conductive polymer E-spacer will be spin-coated on the sample 

before loading into the SEM. The E-spacer could be simply removed by deionized water. 
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2.2.4 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) measures the force between the probe and the surface of a 

specimen. The AFM demonstrates the resolution on the order of nanometre size. When the probe 

comes close into a sample surface, the forces between the sample and the probe will lead to a 

deflection and the force will be monitored by a detector and convert into an electrical signal and 

the intensity of the signal is determined by the displacement of the cantilever where the probe 

attached. Tapping mode is the most typically way for the height profile measurement, where the 

cantilever is oscillating near the constant resonance frequency. In this case, the amplitude of the 

cantilever oscillation will be decreased as the probe getting close to the surface of the sample and 

the height information will be recorded.  The amplitude change will go into the electronic servo 

that adjusted the height of the probe above the sample and the servo will control the height to 

keep the cantilever oscillating at a set amplitude during the sample scanning. A high-resolution 3D 

surface profile of the sample can be got together with the SEM. 

2.3 Calculation for infrared photonics devices 

2.3.1 Transfer Matrix Methods 

The Transfer Matrix Method (TMM) is a method that can be used to analyse the electromagnetic 

or acoustic wave propagation through a multilayer medium and allows researchers to calculate the 

reflectance and transmittance of stratified medium with high efficiency. It has important 

applications on the design of reflection grating and anti-reflective coating [79]. 

For an incident polarised plane wave to the multilayer medium, TMM could be applied for the 

calculation of electric (E) and magnetic (M) fields and then get the corresponding transmittance 

and reflectance, which is much more efficiency compared with using commercial software COMSOL 

and Lumerical FDTD. 

The multilayer structures are perpendicular to the ᾀ axis and the field inside one layer can be 

denoted by the superposition of a left-travelling and right-travelling wave with wave number Ὧ, and 

then the electric field could be expressed as 

Ὁᾀ ὉὩ ὉὩ  (2.1) 

According to the Maxwell’s equation, the electric field Ὁ and the magnetic field Ὄ (normalized 

derivative) are continuous across the boundary and follow  
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It is easy to represent the magnetic field Ὄ as the vector Ὄᾀ 
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Since the two representations Ὁᾀ and Ὄᾀ are equivalent, the propagation over a distance ὒ 

along the positive direction of ᾀ could be described with a matrix (special linear group) 
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(2.4) 

This matrix ὓ can represent the EM propagation through a layer if the Ὧ and ὒ are the wave 

number and thickness of the layer, respectively. For a multilayer structure with layer number ὔ and 

each layer Ὦ is corresponding a transfer matrix ὓ , where Ὦ increases along the positive ᾀ axis. The 

transfer matrix of the structure is then 

ὓ ὓ Ͻὓ ϽȣϽὓ Ͻὓ  (2.5) 

If the layer stack starts at ᾀ π, then the field for negative ᾀ is described as 

Ὁ ᾀ ὉὩ ὶὉὩ  (2.6) 

where Ὁ  is the amplitude of the incoming EM wave, Ὧ denotes the wave number in the left 

medium and ὶ is the amplitude of the reflectance coefficient of the layer structure. The field on the 

right is the transmitted field 

Ὁ ᾀ ὸὉὩ , ᾀ ὒł (2.7) 

where ὸ is the amplitude of transmittance, Ὧ  denotes the wave number in the right medium, and 

ὒł is the thickness of the multilayer structure, If  

Ὄ ὤ  and Ὄ ὤ   
(2.8) 

then 

Ὁᾀ
Ὄᾀ

ὓ∙
Ὁπ
Ὄπ

 
 
(2.9) 

In terms of the matrix elements ὓ  of the system matrix ὓ  and get  
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(2.11) 

and the transmittance and reflectance at normal incidence are often given by 

Ὕ
Ὧ

Ὧ
ȿὸȿ (2.12) 

and 

Ὑ ȿὶȿȢ (2.13) 

2.3.2 Finite-Difference Time-Domain simulations 

Finite-Difference Time-Domain (FDTD) is a type of numerical analysis technique for electromagnetic 

computational modelling. FDTD could calculate a wide frequency range inside a single simulation 

run due to in time domain. In this method, incident light is coming to the simulated structure and 

the optical propagation is computed by solving the Maxwell’s equations. The Fourier Transform is 

also applied to convert the response from the time domain to the frequency domain for getting the 

spectral information. Compared with Finite Element Method which computing for each frequency 

point, the FDTD show a much high computation efficiency. Another difference is that the FDTD is 

calculating the electric and magnetic field by using separated rectangular grids, and it will lead to 

make full use of the computational power and the memory and results in a long computation 

duration. The drawback for the FDTD is that sometimes it will come across a convergence problem 

on the condition that the fields change more quickly smaller than the mesh size.  

FDTD Solutions is a software developed by Lumerical FDTD Solutions Canada, based on a vectorial 

3D Maxwell equation, and uses a finite-difference time-domain method to delineate the spatial grid 

in time step by step, and then obtains steady state continuous wave results from the time domain 

signal in a wide spectral band. The unique material model can accurately describe the dispersion 

properties of various materials over a wide range of wavelengths, and the built-in high-speed, high-

performance computing engine enables theoretically arbitrary shaped 3D models to be solved. The 

main applications of FDTD Solutions are CMOS imaging, sensor design, solar cell design, integrated 

photonic device design, surface plasmonic photonics, diffractive optics, photonic crystals, 
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metamaterial and metasurface. The process flow for running a simulation for a designed structure 

is showing as following:  

The first step is to build a model, which includes creating the geometry of the designed structure 

and importing the material properties of the corresponding material for each block. For materials 

that are not available in the materials library database, such as AZO used in this thesis, the refractive 

index needs to be measured by ellipsometry or extract from other references, and then imported 

into the materials library. The material properties can then be fitted using different fitting methods 

for the goal of getting the minimum Root Mean Square (RMS) error. The geometry of the designed 

structure can be built manually or by script or imported into FDTD Solutions using software such as 

Solid works. 

 

Figure 2.5 The modelled device for the Chapter 3 etched metareflector, which has top AZO 

metasurface and middle SiO2 dielectric layer and bottom Al mirror. The top golden 

cuboid is the AZO metasurface, and the middle grey cuboid is the 1000 nm SiO2 

dielectric layer, and the bottom red part is the 100 nm Aluminium reflector. The purple 

arrow denotes the incident plane wave, and the top golden square is the reflection 

power monitor. The orange cuboid represents the simulation area, the fine mesh is set 

for the whole structure.    

The second step is to determine the simulation area, and the setting of mesh and boundary 

condition. There are three types of meshes in FDTD Solutions: automatic non-uniform, custom non-

uniform and uniform, and the automatic non-uniform is the default and suitable for most 

simulation. The mesh accuracy slider can be set at any number between 1 to 8, the higher the 
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number, the higher the accuracy of the mesh. The greater the accuracy of the mesh, the closer the 

simulation results are to the theoretical results. For the materials with high refractive index, the 

mesh will be smaller due to the smaller effective wavelength. There are seven types of boundary 

conditions that FDTD Solutions could support: perfect match layer (PML), metal, periodic, 

symmetric, anti-symmetric, Bloch and Perfect Magnetic Conductor (PMC). For the device in this 

thesis, the upper and lower boundaries should be set to PML absorbing boundary which could 

absorb all incoming light and avoid any back reflection. The front and rear boundaries can be set to 

periodic when the light is normal incident. The Bloch condition should be set when the light is 

incident at a specific angle, and the symmetry and anti-symmetry conditions are generally set for 

regions with symmetry in order to save computational resources. 

The third step is to set the light source and monitor. The light sources used in this thesis are all 

plane wave light sources and the wavelength range of the light sources can be set to determine the 

spectral region of the simulation. For the study of the reflectance spectrum of a structure a 

"frequency domain field and power" monitor should be placed at least half a wavelength above the 

surface of the structure and a "frequency domain field distribution" monitor should be placed in 

order to study the electromagnetic field distribution within the structure at a specific location. 

Most of the simulation work related to the metasurface structure in this thesis is completed with 

FDTD solutions. The FDTD solutions also provide the function of the parameter sweeping, which 

could be used for the optimization of the design. The sweep of dielectric layer thickness and the 

width of the metasurface in Chapter 3 and 4 is done by using this function. 
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Chapter 3 hȄȅƎŜƴ tƭŀǎƳŀ ǘǊŜŀǘŜŘπ!½h ŦƛƭƳ ŦƻǊ ƛƴŦǊŀǊŜŘ 

ǎǇŜŎǘǊƻǎŎƻǇȅ ŀƴŘ ǳƴǇŀǘǘŜǊƴŜŘ ǎǘǊǳŎǘǳǊŜ 

Transparent Conductive Oxides (TCOs) have been widely used in flat panel display, photodetector, 

metasurface since their excellent optical and electrical performance [80]. As one of the most 

promising TCOs, Zinc Oxide owns the advantages of low cost, environmentally friendly, nontoxicity, 

good stability. However, the carrier concentration of the ZnO is relatively low, which leads to a 

dielectric response in visible range and a metallic response in infrared region. In order to increase 

the carrier concentration of ZnO, introducing Group-III elements like Gallium and Aluminium as 

dopants have been widely used [81] [82] [83]. The tunability of TCOs show the advantage over other 

metal oxides,  because the electrical and optical property can be changed through electrical gating 

and post-treatment by O2/H2 plasma [44] [84] [85]. Here we propose a new patterning technique 

for AZO to create a carrier concentration contrast through a plasma treatment and demonstrate its 

suitability in plasmonic and optical anti-countfeinting applications. 

3.1 Background and motivation 

The plasmon resonance properties of patterned AZO features are mainly determined by the carrier 

concentration and the geometry [86]. Several ways have been applied for tuning the carrier density 

of AZO film, like changing the Al content inside the material and changing the thickness of the film 

[87]. The Al content tuning is achieved by changing the Al2O3 and ZnO cycle ratio during the ALD 

process, it is found that the carrier density will be increased with increasing the Al content from 0-

5% [88]. The thickness control of the AZO film can also change the carrier density and crystalline 

structure, and further influences its optical response in the near-infrared regime [89].   To tune the 

carrier concentration of undoped ZnO, in situ O2 and H2 plasma treatment have been applied to 

achieve carrier increase and carrier reduction, respectively [44] [90] [91]. However, no works has 

been reported on tuning carrier through plasma treatment on AZO, which is of particular interest 

for its plasmonic applications. 

With these semiconductor deposition techniques, the plasmonic material can be achieved with a 

desired plasmonic resonance frequency through carrier concentration controllability. Generally, 

the plasmonic materials are converted into meta-surface through a physical patterning technique, 

e.g. plasma etch, controlled evaporation and lift-off [91] [2] [92]. Recently, we have reported meta-

surface optical solar reflectors using AZO and shown that the infrared absorption can be 

significantly increased through the presence of a broad plasmonic resonance owing to the designed 

meta-surface [93]. Therefore, in this work, we demonstrate that a planar surface AZO meta-
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reflector can be formed through the proposed plasma patterning technique. The plasma-patterned 

meta-surface is shown to give a comparable plasmonic resonance to a conventionally etch-

patterned meta-surface, which has some potential application on optical anti-counterfeiting. 

3.2 Fabrication and characterization of the plasma treated AZO 

metareflector 

3.2.1 Fabrication plasma treated AZO metareflector  

The fabrication process of plasma-pattered meta-OSRs is schematically show in Figure 3.1. The 

oxide−insulator−metal stack was fabricated on a silicon dioxide (SiO2)-coated silicon substrate. An 

80 nm aluminum layer was deposited and then followed by a 1000 nm thick SiO2 layer obtained by 

sputtering using silicon and O2 plasma in Helios system. Subsequently, a 100 nm AZO layer by ALD 

in a Savannah ALD system at 175 °C. The AZO ALD process was achieved through inserting one Al2O3 

cycle into multiple ZnO cycle and the Al cycle ratio was set to be from 0% to 5%. The samples were 

then diced into chips and treated with O2 plasma at 300°C for duration ranging from 0 to 20 min in 

an OIPT FlexAl ALD system. The O2 plasma condition was set as O2 flow of 60 sccm, Pressure of 150 

mT and ICP power of 400 W. To eliminate the effect of 300°C anneal, the total time in the chamber 

is 26 min for all samples including plasma treatment time and anneal time.  

For the meta-reflectors through plasma patterning, the samples were capped with a 3 nm Al2O3 by 

ALD as a protection layer after AZO deposition step and then a sacrificial layer of 80 nm SiN was 

formed on top using Plasma-enhanced chemical vapor deposition (PECVD) at 200°C. The SiN layer 

was subsequently patterned by e-beam lithography using a JEOL JBX-9300 electron beam system 

and then an ion beam etch process using an OIPT IonFab 300 Plus system. The etching conditions 

were set to argon flows of 5 sccm for the beam and 12 sccm for the neutralizer, a beam bias of 500 

V, a beam current of 300 mA, a beam acceleration voltage of 400 V, a sample tilt angle of 20°, and 

a chuck rotation rate of 20 rpm. The etching rates were found to be 17.9 nm/min for SiN. The resist 

was then stripped using an O2 ICP plasma descum with the heating well controlled to be below 65°C. 

The O2 plasma treatment was carried out under the condition described before. The sacrificial layer 

was fully removed using the developed low ion-bombardment ICP SiN, leaving a planar AZO surface. 

The etch condition was set as a CHF3 flow of 20 sccm, O2 flow of 4 sccm, pressure of 15 sccm, ICP 

power of 800 W and RF power of 3 W at 20°C. Due to the low RF power set, the DC bias is as low as 

7 V and therefore the plasma mainly results in a chemical etching with an excellent selectivity over 

Al2O3. 
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Figure 3.1 Schematic of plasma-patterned Meta-OSR fabrication process flow. 

3.2.2 Characterisation of the fabricated devices  

The schematics of fabricated physical pattern and plasma patterned metareflector are showed in 

Figure 3.2. As we could see from the Figure3.2 (c), the plasma patterned metareflector is invisible 

to eye (the scratches are for the marks for the convenience of optical measurement), which has 

potential application on anti-counterfeiting [94].  Various tools were used to characterize the 

fabricated plasma treated AZO and physical etching AZO, including Fourier-transform infrared 

spectroscopy (FTIR) microscope, Scanning Electron Microscope (SEM) and Atomic Force 

Microscope (AFM).  
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Figure 3.2 (a) Schematics of plasma patterning using a plasma treatment (left) and conventional 

etch-patterning using plasma dry etching (right) (b) top view of the fabricated plasma 

treated (left) and physical etched (right) planar metareflector, the purple means the 

area without hard mask, and the carrier concentration of those area will be decreased 

after plasma treatment and forming carrier contrast with untreated area (c) the real 

sample after fabrication, the invisible patterns is the one with plasma treatment planar 

surface, while the visible pattern is the physical etched one. 

To measure the absorption of the fabricated plasma treated planar AZO, FTIR microscope with a 

numerical aperture of 0.2 µm (Thermo-Nicolet Nexus 670, Continuum microscope) was used to 

collect the reflectance data in a wide range of spectral from 400 to 4000 cm-1 (2.5 to 25 micron). 

An 80 nm aluminum coated SiO2/Si substrate was used as reference. Since 80 nm Al has almost 0% 

transmittance in infrared range, the absorption of the samples can be calculated by Absorption=1-

Reflectance-Transmittance=1-Reflectance.  

The topography of plasma treated AZO metasurface was investigated by SEM and AFM to verify the 

plasma patterned AZO is planar metasurface.  Figure 3.3 (a) shows a plan SEM graph of the plasma 

patterned meta-reflector. Through the greyscale contrast, the square shape array can be identified 

in dimension of about 700×700 nm with white ‘dot’ at the edge of squares. These white dots are 

believed to be polymer formed from carbon-contained gas of CHF3 during the SiN stripping process. 

The polymer has a preferred formation location at the square edge and therefore can delineate the 

square array positions. Figure 3.3 (b) shows a plan SEM graph of an etch-patterned meta-reflector. 

The square array is well-defined with a good dimension control of 700×700 nm.  
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Figure 3.3 (a) Planar SEM micrograph of the plasma-patterned AZO meta-surface. (b) Planar SEM 

micrograph of the etch-patterned AZO meta-surface. (c) AFM surface image of the plasma-

patterned AZO meta-surface. (d) AFM surface image of the etch-patterned AZO meta-surface. (e) 

The surface profile at the cutline in (c). (f) The surface profile at the cutline in (d).  

Figure 3.3 (c) shows the AFM image of the plasma-patterned meta-surface as shown in the SEM 

image (Figure 3.3 (a)). The square array and polymer dots can barely be identified. The cutline 

shows a step height of about 10 nm and the surface is therefore fairly smooth taking consideration 

of polymer formation. The darker greyscale in region of square seen in Figure 3.3 (a) is not caused 

by material removal, which might be due to plasma charging during the plasma etch. As a 

comparison, the etch-patterned meta-surface is also characterized by AFM and shown in Figure 3.3 

(d). Unlike the plasma-patterned meta-surface, etch-patterned meta-surface show a height pattern 

corresponding to that in SEM image. The cutline shows a periodic pattern with a flat region of about 

700 nm and a step height of about 70 nm. The periodic pattern well agrees with the designed 

pattern shown in Figure 3.3 (b). Here, the measured step height of 70 nm height is smaller than the 

AZO thickness, which is attributed to the difficulties for AFM tip to reach the bottom of a 200 nm 
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gap. These results confirm that the planar surface is preserved after the O2 plasma patterning 

treatment through the SiN sacrificial layer process. 

3.3 Results and discussion  

Figure 3.4 (a) shows the measured absorption spectra of planar reflectors with a 4% Al ratio after 

different plasma treatment durations. For the spectra without plasma treatment, a strong Infrared 

absorption is seen with the range between 7-12 µm dispersed by the SiO2 dielectric spacer [95]. 

With the increase of plasma treatment time, the Infrared absorption decreases significantly, 

indicating that the carrier concentration is reduced by the plasma treatment and the AZO becomes 

less metallic.  

 

Figure 3.4 a) Infrared absorption spectra of planar AZO film reflectors of 4% Al ratio after different 

O2 plasma treatment durations.  (b) Simulated infrared spectra of planar AZO film 

reflectors based on the carrier concentration of best fits with experimental spectra in 

(a). 
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Figure 3.5 (a) Infrared absorption spectra of the plasma- and etch-patterned meta-surface 

reflectors measured by FTIR. (b) Numerically simulated absorption spectra of meta-surface 

reflectors based on the carrier concentration fitted from FTIR spectra of plasma treated planar AZO 

reflectors. 

Numerical simulation based on the Finite-difference time domain (Lumerical FDTD) is used to fit 

and calculate the absorption of the planar AZO film. First of all, the planar AZO films with different 

Oxygen plasma duration are fitted. Because the absorption of the simulated structure is related the 

material AZO itself. The carrier concentration of the AZO after plasma treatment could be extracted 

from plasma frequency (‫ ᶻ ) in Drude model. To get the best fit of experimental and 

simulation, the plasma frequency ‫  and scattering constant ɜ  are changed simultaneously until 

the simulation results almost overlapped with the experimental data.  

Figure 3.4 (b) show the simulated reflection spectra of the planar reflectors with different carrier 

concentrations and scattering constant (fitted with the experimental results in Figure 3.4 (a)). The 
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absorption spectra are seen to decrease with the change of carrier concentration as the AZO layer 

becomes less metallic. Meanwhile, the scattering constants also decrease to a lower value due to 

the less metallic of AZO after oxygen plasma treatment. 

After getting the fitted carrier concentration and scattering constant, we use those data to simulate 

the physical patterned metasurface and oxygen plasma patterned planar metasurface, as shown in 

Figure 3.5 (a), Plasma-patterned reflector and etch-patterned reflectors are shown to give 

consistent infrared responses, which gives higher infrared absorptions than that of planar reflector. 

The increase of absorption is attributed to the plasmonic enhancement as reported [93]. The 

excellent agreement between plasma-patterned and etch patterned reflector spectra 

unambiguously shows that plasma-patterning technique can be used as an alternative route to 

form meta-surface whilst the surface is physically planar.   

Figure 3.5 (b) shows the simulated spectra of the meta-reflectors in consistent structures of plasma-

patterned and etch-patterned meta-reflectors. For the plasma-patterned surface, the structure is 

set as squares with a high carrier concentration of 2.7×1020 cm-3 and a low carrier gap of 2.3×1019 

cm-3, which are from spectra fit in Figure 2.3. For the etch-patterned surface, the structure is set as 

squares with a high carrier concentration of 2.7×1020 cm-3 and an air gap. The planar surface is set 

as a uniform high carrier concentration of 2.7×1020 cm-3. The spectra are fairly consistent between 

the low carrier gap and air gap structures, both of which have an enhanced infrared absorption 

than the planar structure. The simulation results show that the meta-surface formed using the 

carrier contrast has a plasmonic resonance similar to that with air. 

3.4  Summary 

We fabricated, simulated and characterised the plasma-patterning technique to form an AZO meta-

surface as a planar surface but optically patterned. The infrared response shows that the carrier 

concentration of the AZO films was reduced by the O2 plasma treatment for all Al ratios. Through 

fittings with numerical FDTD simulations, carrier concentration in case of 4% Al ratio is reduced by 

at least one order from 2.7×1020 cm-3 to about 2×1019 cm-3. The surface is confirmed to be smooth 

as a planar surface by AFM characterizations. The plasma-patterned meta-reflector shows a broad 

infrared resonance, which is consistent with that of an etch-patterned meta-reflector. Therefore, 

our proposed plasma-patterning technique has been demonstrated to be an effective approach to 

form an optical meta-surface without a physical patterning, which has potential application for the 

anti-counterfeiting.  
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Chapter 4 ±ƛǎǳŀƭƭȅ ¢ǊŀƴǎǇŀǊŜƴǘ ¢ƘŜǊƳŀƭ 9ƳƛǘǘŜǊ 

A thermal emitter is a type of device which could dissipate the heat from a hot object, and it has 

played an important role in energy harvesting, radiative cooling, and thermal management. The 

manipulation of the properties of the thermal emitter is determined by its structures and materials. 

However, the current infrared thermal emitters are typically narrow-band absorption, and it’s not 

efficient for the thermal dissipation purpose. Besides, the color of currently thermal emitter for 

day-time radiative cooling is normally white or silver because of the high solar reflectivity. Therefore, 

a thermal emitter with high visible transparency is desired for operational and aesthetic purposes, 

which could efficiently cool down the temperature of an object under the direct sunlight while 

keeping its color. For the application of visually transparent thermal emitters on solar cell cooling, 

which need to let most of the solar radiation go through as well as providing strong infrared 

emissivity to cool down the solar cell for increasing its efficiency and lifetime. In this chapter, the 

visually transparent broadband thermal emitter with the capability to transmit visible light and 

radiate thermal energy has been proposed. The design optimization, the fabrication and 

characterization of AZO-based visually transparent thermal emitter were afterwards performed, 

the fabricated thermal emitter has over 70% visible transmittance and high infrared emissivity 

ε=0.83. Besides the AZO-based transparent thermal emitter, the VO2-based transparent thermal 

emitter for smart radiative cooling is also proposed and shows 60% visible transmittance and 

infrared emissivity tunability Δε=0.3. These two devices would be promising for the cooling of solar 

cells, vehicles or buildings and compatible with the current paint technology for aesthetic purpose. 

4.1 Thermal emitter and radiative cooling  

4.1.1 Thermal emission 

Thermal emission is a fundamental physical process for all objects with temperature above absolute 

zero to emit electromagnetic energy. The spectral density of a blackbody radiation follows Plank’s 

law and is related to the temperature of the emitter, the emission intensity of the blackbody will 

be enhanced with the increase of the temperature and the central spectral distribution will shift to 

a shorter wavelength. A fundamental property of thermal emission is that the thermal emissivity is 

related to its optical absorptivity, and the thermal emission could be adjusted through different 

materials selection and geometries. Engineering the thermal emission has attracted the interests 

of researchers from a variety research of communities, and different thermal emitters have been 

widely applied on solar cells, thermoelectric devices, sensing, spectroscopy, camouflage, and 

thermal management [96, 97].  
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The constituents of the matter are consisting of electrons and atomic nucleus, which possess kinetic 

energy. The fluctuating current arises from the motion of charges due to the particle-particle 

interactions. The thermal emission is the radiated EM energy from the fluctuating current and the 

properties of thermal emission including its spectral, angular and intensity distribution, and 

polarization are related to the temperature of the emitter and its optical properties. The spectral 

radiance can be derived for a blackbody ὒ ὺȟὝ and expressed by the well-known Plank’s law: 

ὒ ὺȟὝ                (4.1) 

Where ὺ is the frequency, Ὕ is the temperature of an optically large object, ὧ is the speed of the 

light, Ὤ refers to the Plank’s constant, and Ὧ  refers to the Boltzmann constant. Notably, the 

spectral radiance density of a blackbody surface is angle independent and polarization state 

independent. 

4.1.2 Radiative cooling and metamaterial perfect absorber 

According to the Kirchhoff’s law of thermal radiation, the optical absorption and the thermal 

emission is equal, which enables to engineer the thermal radiation by different materials and 

nanostructures combinations. For infrared spectroscopy applications, the temperature of earth and 

human being is around 300 K, and the central wavelength of the blackbody radiation is located 

around 10 µm, which is coincident with atmospheric transparency window of earth from 8 to 13 

µm, in that case, the earth could maintain its temperature. Outer space with temperature around 

3 K is a good heat sink for spacecraft and earth. Radiative cooling is a process where an object 

dissipates the heat directly to outer space (for extra-terrestrial application) or emits the heat 

through atmospheric transparency window to outer space for terrestrial application. A good 

example of radiative cooling that happens in daily life is the temperature change during day and 

night, the temperature will be increased with the heating from solar radiation during the day, the 

reason for the increased temperature is because the power of the earth surface received from the 

sun is higher than the cooling power through radiative cooling, however, the temperature during 

the night will be dropped, which is purely from the radiative cooling and without solar radiation. 

The night-time radiative cooling has been historically developed for ice harvesting in Iran desert 

[98]. Compared with other cooling methods, the advantage of the radiative cooling is its ability to 

efficient passively dissipate the heat to the universe without power consumption. Nevertheless, the 

day-time radiative cooling is still a challenge due to the strong solar absorption of the traditional 

cooler which is lack to strong solar reflectivity and the cooler will absorb more heat than the 

radiated heat. For achieving day-time radiative cooling, a radiative cooler with high solar reflectivity 
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and high infrared emissivity is desired. Fortunately, with the development of the optical design and 

fabrication technologies, to achieve a day-time radiative cooling blow the ambient temperature has 

become a reality with incorporating the metamaterial. In 2014, the first experimentally day-time 

radiative cooling has been achieved by using alternating HfO2 and SiO2 multilayer structure backed 

with metal Ag reflector, which could reflect 97% of the solar radiation and simultaneously strongly 

radiate thermal emission to outer space, and this photonics structure has achieved cooling power 

of 40.1 W/m3 and 4.9 °C temperature lower below the ambient temperature under direct sunlight 

[99]. In 2015, the research on Saharan silver ant has revealed the dense array of triangle structure 

of the ant’s hair could not only enhance the reflectivity in the visible and NIR due to the Mie 

resonance and total internal reflection, but also enhance the mid-IR emissivity in order to keep the 

body temperature in a steady state [98]. However, the fabrication cost for the aforementioned 

radiative cooler is high and not suitable for real application. In 2017, the large scale manufacture of 

radiative cooling film has been achieved by distributing the 8 µm Silica microsphere into the TPX 

polymer matrix, those Silica microsphere embedded polymer has a strong phonon enhanced 

Fröhlich resonances, which supports an high emissivity in the atmospheric window, the cooling 

power could be reached to 110 w/m2 with backed with reflective Ag coating [100]. However, the 

durability of such polymer based radiative cooler is a big concern for the practical application due 

to the UV exposure. Besides, some objects with cooling requirements such as solar cell and the 

windows for vehicles and building need high transparency in the visible for aesthetic purpose. For 

the durable inorganic based transparent radiative cooler, the thermal emissivity is limited because 

of the narrow band infrared absorption, which proposes another challenge for the visually 

transparent radiative cooler [101]. 

Metamaterial perfect absorber (MPA) has been a research hotspot in recent decades due to its 

capability to obtain desired effective permittivity and permeability with carefully designing the 

structure and selecting materials. For achieving MPA, different resonant patterning including line 

gratings, square, split ring resonators, cross arrays have been utilized for the top metasurface [16, 

102]. With the initial MPA research mainly focusing on the microwave and THz region, MPA 

applications in the mid-infrared and optical domain has been actively studied for their ability to 

achieve perfect absorption with subwavelength thickness and it has potential applications on 

spectral filters, ultracompact flat lenses, IR sensing and spectroscopy, energy harvesting and 

thermal management. In the mid infrared where is the location of the Earth atmospheric 

transparency window, the MPA is critical for application on infrared thermal imaging and 

spectroscopy. For those applications, a broadband perfect absorption is needed to increase the 

performance or sensitivity. Thus, research endeavours have been devoted to expanding the 

absorption band of the mid-IR MPA. One of the most widely used design structure for mid-IR MPA 
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is a layer of dielectric sandwiched between two metal layers with a patterned top metal layer [103]. 

To broaden the infrared absorption bandwidth, one way is to mix different absorption peaks 

generated by various patterns resonators [104]. However, the effective number density of 

individual resonator will be minimized with the increase of the number of resonators, which will 

sacrifice the performance of the whole thermal emitter device. The other way is to introduce the 

complex 3D pyramidal multilayer metamaterials, which could support a high infrared absorption 

because of the strong electromagnetic resonance in the metamaterial structure, while the 

fabrication complexity is too high to achieve [105]. Therefore, it would be of interest to apply the 

simple design MPA on the radiative cooling and its related application.      

4.1.3 Challenges for visually transparent radiative cooling 

Currently, the color of most of the day-time radiative cooling devices are either white or silver due 

to its over 0.8 reflectivity in the visible range, which constrained the applications. For some 

applications, like energy harvesting and outdoor structure, the sunlight absorption is needed for 

operational and aesthetic purposes, but the associated heating is not desirable. For solar cell, the 

solar cell energy convection efficiency will be decreased by 0.45% with the 1 °C increase of the 

operating temperature [106]. In that case, dissipating the undesirable heat through radiative 

cooling is only useful if the absorption of the sunlight is not influenced too much. From the 

aesthetics point of view, some radiative cooler need to preserve the color, the white or silver color 

are mainly applied to the building roof and won’t be able to use on the façade of building, because 

it will result in light pollution and influence the traffic due to its strong solar reflection, besides, for 

other civilian products using radiative cooling coating, the demand of colored preserved radiative 

cooling is even more strong for appealing market and customers.   

The versatile polymers have been widely applied for radiative cooling. Three main polymer 

materials including polyvinyl chloride (PVC), fluorinated ethylene propylene (FEP),  and polymethyl-

pentene (TPX), were applied on the radiative cooler because of their strong emissivity in the 

atmospheric transparency window, the strong IR emissivity of those polymer is due to molecular 

stretching and rotation vibrations, for example,  C-O stretching bond is absorptive in the range of 

8-10 µm and the deformation vibrations of OH group results in IR absorption from 8 to 10 µm [93, 

107-109]. The polymer-based radiative cooler has the advantages of strong IR emissivity and large-

scale manufacture ability by Roll-to-Roll printing. However, the durability and the mechanical 

strength are concern for real applications, because the exposure to the UV radiation from the sun 

will cause the polymer materials photooxidative degradation and break the polymer chain, which 

could cause the decline of the mechanical strength as well as the thermal-optical performance and 

make the polymer easy to be fragile after long time UV radiation [110]. Moreover, the thickness for 
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polymer-based radiative coolers is normally over 100 µm, which makes the visible transparency 

relatively low for transparent thermal emitter applications. 

For the inorganic material based transparent thermal radiator, the first approach was introduced 

by Zhu et al. in 2013, where achieved color preserved daytime radiative cooling by orthogonal 

putting 7 µm thickness periodic array of α-quartz bar on top of silicon nanowire array backed with 

Al mirror, and then got a light pink radiative cooler as well as lower the radiative cooler temperature 

by a meaningful value [111]. AZO and ITO are transparent conductive oxides which exhibits 

dielectric response in visible and NIR range and metallic response in the mid-IR range, which results 

in a good transparency in the visible and good reflector in the mid-IR. Lai et al. used an ITO-PET-ITO 

structure to achieve 75% visible transmittance and wide deep absorption above 0.8 from 19.9 GHz 

to 51.8 GHz, while the thickness is 1.1 mm [112]. 

Yang et al. proposed a three layer structure ITO metasurface/ZnS/ITO narrowband thermal emitter 

with central wavelength of absorption at 10.6 µm [113]. Dayal et al designed Aluminium 

metasurface/ZnS/ITO tri-layer absorber with reaching 98% peak absorption at 5 µm and over 70% 

absorption from 4 to 7 µm, the large bandwidth is due to the small dispersion of the complex 

permittivity ITO [114]. Lee et al. introduced a colored passive radiative cooler (CPRC) by embedding 

an optical resonator in an efficient thermal emitter, the CPRC displays the subtractive primary color 

as well as lower the temperature to 3.9 °C through infrared thermal radiation [115]. Kim et al 

designed a transparent radiative cooler which consists of 50 µm PDMS on top of selective reflector 

made of 5 alternating layers of a-Si:H and SiO2, the PDMS layer is acting as selective emitter due to 

its strong optical phonon resonance and the selective reflector is using for reflecting the NIR band 

(0.74 to 1.4 µm), the transparent radiative cooler could partially let the visible light transmitted, 

reflect the NIR and dissipates heat from atmospheric window, the cooler could cool down the 

temperature by up to 10.1 °C. However, the total thickness of aforementioned transparent radiative 

coolers is relatively high, and the total visible and near-infrared transmittance is not enough for 

application on solar cell which needs a high solar radiation energy transmit through. In this part, a 

ultracompact, high visible transmittance and high infrared emissivity visually transparent radiative 

cooler was designed and fabricated.   

4.2 Visually transparent AZO-based thermal emitter design 

4.2.1 TCO/Dielectric/TCO Multilayer structure 

Multilayer optical films are widely used in modern optical technology for achieving desired 

transmission and reflection spectrum, especially for applications on optical spectral filter, structural 
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color, energy harvesting and thermal control system. Absorption and radiation of light are 

constituting one of the cornerstones of modern optical engineering. However, the conventional 

optical absorbers are constrained by some insurmountable barriers like the relationship between 

the thickness and absorption efficiency. The blackbody radiation formula raised by Max Plank has 

defined the maximal value of the thermal emittance and Plank also claimed that a minimal thickness 

is required for achieving total absorption, while he didn’t provide a rigorous mathematical 

definition of the relation of thickness and absorption [116]. This relation has been finally defined 

by Rozanov in 2000 [18]. The thickness of nonmagnetic absorber is 1/17 of the maximum operating 

wavelength: 

Ὠ
 Ў

          (4.2) 

where ɜ is the reflectance in unit decibel (dB). In order to gain a 20 dB reflectance, the least 

thickness is 0.116Ў‗. For radiative cooling device operating mainly near 10 µm, the required 

thickness should be at least 1.2 µm.  The application condition is different for narrow-band and 

magnetic absorbers.   

 

Figure 4.1 Schematics of metasurface-based visually transparent thermal emitter (b) the cross-

section of visible transparent thermal emitter 

The structure used for the visually transparent radiative cooler is composed of TCO/Dielectric/TCO 

multilayer structure, as shown in the Figure 4.1, while the top TCO is patterned to metasurface to 

enhance the infrared absorption. To evaluate the performance of visually transparent thermal 

emitter, two parameters visible transmittance (Tvisible) and infrared emissivity (ε) were introduced. 

In solar radiation band, the visible transmittance could be defined as the integer of the visible 

transmittance over the visible range weighted by the solar spectral irradiance Ὅ Ȣ‗ , 

4
᷿ Ȣ

᷿ Ȣ

      (4.3) 
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Where ‗ and ‗ are the wavelength limits,  Ὕ is the transmittance of the sample. The wavelength 

limits for the visible transmittance are from 380 nm to 780 nm, since this range of wavelength is 

visible to the human eye. The definition of the emissivity is the same as the last chapter. 

4.2.2 Materials choice for TCO/Dielectric/TCO Multilayer structure 

Materials choices are a big concern for design and fabrication of the visually transparent thermal 

emitter, where the device should have high infrared emissivity as well as high visible transmittance. 

In this section, different materials for backreflector and dielectric layer will be simulated through 

Lumerical FDTD, the thermal-optical performance and the visible transmittance will be calculated 

and analysed.  

The backreflector should be a good infrared reflector while being transparent in the visible range. 

The thickness and carrier density of bottom TCO reflector are important for the overall performance 

of the thermal emitter, which will influence the transmittance in the mid-infrared as well as the 

visible transmittance. The carrier concentration of TCO could be varied from 2x1019 cm-3 to 2x1021 

cm-3
 depending on the compositions and post-treatment techniques [33, 117]. In the 

commercialised solar cells market, the vast majority used TCO for the front electrodes is indium tin 

oxide (ITO), which has good transparency in the visible and high conductivity (up to 1021 cm-3), 

however, the toxicity and high price of In2O3 limit the further application.  A promising alternative 

for the ITO is Aluminium-doped Zinc Oxides (AZO) with carrier concentration up to 2.7x1020 cm-3, 

and it can be modulated by O2 or H2 plasma treatment and decreased to 2x1019 cm-3 based on our 

research. 

Simulated transmittance and absorption spectra with different carrier density of TCO backreflector 

are shown in Figure 4.2, and the corresponding visible transmittance and epsilon are shown in Table 

4.1. To easily compare the thermal-optical performance, the thickness of dielectric layer SiO2, top 

AZO and bottom reflector TCO is fixed at 100 nm, 1200 m and 300 nm, respectively. The visible 

transmittance of 2x1019 cm-3
 and 2x1020 cm-3

 AZO is around 0.8 and much higher than the 2x1021 

cm-3
 ITO, which is arising from the higher optical loss of high carrier ITO in the visible range.  The 

2x1021 cm-3
 ITO and 2x1020 cm-3AZO shows similar infrared emissivity over 0.6 as traditional Al based 

thermal emitter, which indicates the high carrier TCOs are a good infrared reflector and a Fabry 

Perot cavity is formed for enhancing the infrared absorption. Considering the good visible 

transmittance and relatively high infrared emissivity, AZO with carrier density around 2x1020 cm-3 is 

chosen as the backreflector material for the following simulation.  
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Figure 4.2 (a)Transmittance and (b)absorption of different back reflector materials when the 

thickness of backreflector is 300 nm. 

As shown in Figure 4.2, the visible transmittance decreased with the increase of the carrier density, 

while the infrared absorption is increased when the carrier density increased from 2x1019 cm-3 to 

2x1020 cm-3 and didn’t further increase when the carrier density of TCO backreflector is 2x1021 cm-

3. The reason for that is because of the skin depth of the backreflector TCO, which is determined by  

the following equation: 

ɿ
πАὶАπ

                      (4.4) 

where ɿ is the skin depth, ʍ is the resistivity, Æ is the frequency, and А  and А  are the real 

permittivity and free space permeability, respectively. Brewer et al. has proved the skin depth of 

thin film TCO was lineally to the sheet resistance and inversely proportional to the carrier density 

in the infrared range [118]. In that case, the skin depth of higher carrier density will result in higher 

absorption due to the FP cavity resonance. It should be noted that there is a trade-off between the 

high visible transmittance and high infrared absorption, a higher visible transmittance will lead to a 

lower infrared absorption. For the purpose of gaining higher visible transmittance, the carrier 

density for the back TCO reflector is chosen for 2.7x1020 cm-3 AZO for the later simulation and 

experiments and the 2.7x1020 cm-3 AZO is the highest carrier density in the previous work when the 

Al dopant is around 4% [93]. 

Table 4.1 Visible transmittance and epsilon value for different backreflector materials 

Backreflector 

Materials 

Al Mirror  2x1019 cm-3
  

AZO  

2x1020 cm-3
  

AZO  

2x1021 cm-3
  

ITO  

4 (380-780 nm) 0 0.79 0.77 0.60 

Epsilon(Ů)(8-13 µm) 0.63 0.46 0.61 0.64 
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To find the optimum thickness of AZO backreflector. the dependence of the thickness of AZO 

reflector on the transmittance and absorption is shown in Figure 4.3, the simulated structure here 

is composed of 100 nm 2.7x1020 cm-3 AZO on 1200 nm SiO2 on different thickness 2.7x1020 cm-3 AZO 

multilayer structure. The visible transmittance is relatively the same, while the infrared absorption 

changed a lot with different thickness of AZO reflector. When the thickness of AZO reflector 

increased from 50 nm to 300 nm, the infrared absorption is close to a perfect absorption, while the 

absorption didn’t change too much with further increasing the thickness. In that case, the thickness 

for the reflector AZO is chosen as 300 nm, which could support relatively stronger infrared 

emissivity while also keeps good visible transmittance.  

 

Figure 4.3 (a) Transmittance and (b) absorption of different thickness of 2.7x1020 cm-3
 AZO back 

reflector 

The material for the top TCO metasurface and bottom TCO reflector is Aluminium doped Zinc Oxide 

(AZO), since AZO is a good infrared reflector while has high transparency in the visible. Besides, the 

carrier density of AZO could be adjusted through changing deposition conditions and post Oxygen 

plasma treatment [33].  

Table 4.2 Visible transmittance and epsilon of different thickness of AZO back reflector 

Concerning the dielectric material, which should have the property of transmitting visible and 

absorbing infrared. 6 candidates for dielectric layer were simulated and compared in Figure 4.4 

when the back-reflector is 300 nm 2.7x1020 cm-3 AZO and thickness of dielectric is 1200 nm, the 

corresponding transmittance and epsilon value are shown in Table 4.2. The Al2O3, CaF2 and SiO2 

have a high transmittance over 0.70 in the visible. For the Epsilon value, the CaF2 and SiO2 are the 

highest among those 6 materials. The SiO2 was finally chosen for the dielectric layer, because it is 

Thickness (nm) 100 200 300 400 500 

4  0.76 0.71 0.77 0.75 0.70 

Epsilon(Ů) 0.57 0.61 0.63 0.64 0.65 



Chapter 4 

42 

good transparency over most of the visible range, while also owns a strong phonon-polariton 

resonance in the mid-infrared range for supporting relatively high infrared emissivity due to the 

transverse optical Si-O-Si vibrational mode at wavenumber 1064 cm-1, besides, SiO2 is a CMOS 

compatible material, and the mechanical property is more stable for flexible applications [119, 120].  

 

Figure 4.4 (a)Transmittance and (b)absorption of different dielectric layer materials for the 

structure of 100 nm 2.7x1020 cm-3 AZO on dielectric layer on 300 nm 2.7x1020 cm-3 AZO. 

Table 4.3 Visible transmittance and epsilon value for different dielectric materials 

Dielectric 

Materials 

Al 2O3 CaF2 HfO 2 SiO2 Ta2O5 TiO 2 

4  0.76 0.77 0.31 0.77 0.70 0.66 

Epsilon(Ů) 0.57 0.65 0.59 0.63 0.58 0.55 

For gaining the cheapest structure of radiative cooler, the easiest way is to coat the bulk SiO2 with 

an optically thick reflective layer like Aluminium (Al) film or Silver (Ag) film. On the one hand, the 

extinction coefficient Ὧ of SiO2 is close to zero over the solar radiation range and will result a high 

reflectivity in the visible and NIR, on the other hand, the bulk SiO2 exists two strong peaks in the 

extinction coefficient around 10 and 20 µm (as shown in Figure 4.5 (a)), respectively, where could 

support a strong emissivity due to the phonon-polariton resonances [93]. However, the strong 

impedance mismatch between bulk SiO2 (300µm) and air at these two bands will enhance the 

reflectance and reduce the overall absorption/emissivity, as show in Figure 4.2 (b). The application 

for putting a bulk glass on Al mirror is on Optical Solar Reflector (OSR), a thermal dissipation device 

for radiative cooling of spacecraft and the OSR will be discussed in the chapter 5. However, the bulk 

SiO2 can’t be bent and applied on the curve surface and it is desired to reduce the total thickness to 

below 2.5 µm for good flexibility. When the thickness of SiO2 is set as 1200 nm, as shown in Figure 

4.5 (b), the thin layer SiO2 behaves semi-transparent in the IR range, and the emissivity is relatively 

low.  
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Figure 4.5 (a)Refractive index of SiO2, the data were adapted from experimental SiO2 by Helios 

Sputter. (b)Spectral emissivity/absorptivity of film SiO2 1.2 µm (blue line) and 300 µm 

(orange line) bulk SiO2 on 300 nm 2.7x1020 cm-3 AZO reflector, respectively. 

Putting a 100 nm AZO on top will generate a Fabry–Pérot cavity and lead to a higher infrared 

absorption, as already showed in the Figure 4.4 (b), and introduction of 100 nm AZO can still keep 

a high transparency in the visible (4 πȢχχ for SiO2). However, the overall infrared emissivity 

ε is around 0.63 and not sufficient for efficient radiative cooling. With the development of the 

metamaterial and metasurface, it has been proved the strong enhancement of localized 

electromagnetic field enhancement would be generated due to the plasmonics effect of top 

metasurface [121]. In that case, patterning the top planar AZO film into metasurface is desired for 

further enhancing the infrared absorption. 

4.2.3 The top AZO metasurface design and optimization 

Figure 4.1 shows the schematics of the metasurface-based visually transparent thermal emitter, 

the proposed structure is composed of tri-layer stack: the TCO metasurface, a dielectric spacer layer 

and TCO back reflector. The plasma patterning technique described in Chapter 3 is not used here, 

because the optical absorption spectrum of etched metasurface and plasma patterned metasurface 

is consistent, and the fabrication of the etched metasurface is relatively simple.    

To get the best combination of the visible transmittance (Tvisible) and infrared emissivity (ε), a 

simulation sweep of dielectric thickness and width of metasurface was done when the gap of the 

top AZO metasurface is fixed at 250 nm for providing a strong plasmonic resonance. Figure 4.5(a) 

shows the Tvisible is at the range of 0.6 to 0.65, the change of dielectric thickness has little influence 

on the Tvisible due to the optical loss for thin film SiO2 in visible is negligible, feature size of AZO 

metasurface below 1500 nm could get a higher Tvisible. While the emissivity is significantly 

determined by the dielectric thickness and width, the proper thickness of dielectric layer could 

support the constructive interference between the dielectric and AZO metasurface for a broad 
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absorption, and the width of metasurface could influence the intensity of surface plasma resonance, 

the green dash line rectangle marked the highest ε region, considering the fabrication cost and 

complexity, the thickness of SiO2 is chosen at 1,200 nm, which is coincidently with the calculated 

thickness from the equation 4.2. 

 

Figure 4.6 Calculated (a) Tvisible and (b) ε with different dielectric thickness and square width, the 

gap is fixed at 250 nm, the green dash line rectangle indicated the highest ε range. 

4.2.4 Fabrication and characterization of AZO based visually transparent thermal emitter 

Figure 4.7 shows the fabrication flow of the AZO based visually transparent thermal emitter. In 

order to achieve high transparency in the visible, the CaF2 substrate with thickness of 1 mm is 

chosen due to its lower infrared absorption and relatively the same visible transmittance compared 
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with transparent glass substrate. 300 nm AZO backreflector with carrier density 6x1020 cm-3 was 

deposited on the substrate by Savannah Atomic Layer Deposition (ALD) system at 250 °C, followed 

1200 nm SiO2 layer deposition by Plasma Enhanced Vapour Deposition (PECVD) at 350 °C. 

Afterwards, a 100 nm AZO with carrier concentration 2.7x1020 cm-3 was deposited at temperature 

175 °C by thermal ALD. 10 nm Al2O3 capping layer was added to the deposition run after the top 

AZO without breaking the vacuum state for improving the serious adhesion issue between the 

photoresist ZEP520A and top AZO. Then, the photoresist ZEP520A and conductive layer Espacer 

were spin coated on sample before patterning with JEOL JBX-9300 E-beam Lithography System. 

After removing Espacer with DI water and ZED-N50 for development of ZEP520A, an ion beam 

etching process with OIPT IonFab 300 Plus system was used to etching the Al2O3 and top AZO, with 

etching rate 3.9 and 17.9 nm/min for Al2O3 and top AZO, respectively.  After that, the ZEP 

photoresist was removed by ultrasonic bath in NMP at 50 °C for 15 mins. The SEM top view image 

is shown in Figure 4.8(a). Figure 4.8 (b) shows the hole array AZO metasurface, surprisingly, the 

optical absorption is quite consistent as the square metasurface structure. 

 

Figure 4.7 Fabrication flow of AZO-based visually transparent thermal emitter 

For the emissivity measurement, the commercial FTIR microscope (Thermo-Nicolet Nexus 670, 

Continuum microscope) with numerical aperture of 0.2 and highly sensitive mercury cadmium 

telluride (MCT) detector was used to measure the reflectance and transmittance of 4,000 to 400 

cm-1 (equal to wavelength range from 2.5 to 25 µm), the 80 nm thickness Al mirror beyond the 

optical skin depth was used as a reference, all IR spectra were collected with an average 128 scans 

in room temperature. The solar absorptance in visible and near infrared was acquired through a 

total reflection spectrophotometer (Bentham PVE300) with two reference detectors Silicon (300-

1,100 nm) and Germanium (800-1,800 nm), which is based on a supercontinuum xenon-quartz 

tungsten halogen dual light source over a range of 0.3 to 2.5 µm and an integrating sphere coated 

with BaSO4, the reference for solar radiation measurement is using BaO2. 
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Figure 4.8 (a) SEM top-views of patterned square with length 1,350 nm and gap 350 nm fabricated 

by Dr. Kai Sun (b) Patterned hole arrays with hole width 850 nm and gap 350 nm. 

4.2.5 Results and discussion 

 

Figure 4.9 (a) Photo of the transparent thermal emitter on CaF2 substrate, showing the University 

of Southampton badges lying underneath visually transparent (b) simulated and 

experimental spectrum of the transparent thermal emitter when the AZO square is 

1300 nm width and gap is 250 nm. 

The photo of the fabricated AZO-based visually transparent thermal emitter is shown in Figure 

4.9(a), the university badges are lying underneath the thermal emitter, which proves the sample is 

visually transparent to human eye. Figure 4.9 (b) shows the experimental and simulated 

transparent thermal emitter from 0.3 to 20 µm, the simulation data got from Lumerical FDTTD 

solutions. The transmittance in the visible range is fitted well with the simulation results and over 

70% in the whole range of visible wavelength, the calculated Tvisible is 0.7, the oscillation pattern 

from the spectra up to 5 µm is due to the interference between the dielectric SiO2 layer and AZO 

reflector. The simulated and experimental absorption spectrum also fits very well, the calculated ε 

is 0.83 (8-13 m), and it is a little bit higher than the Al mirror based thermal emitter with ε equal 
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to 0.79, which is because of the intrinsic absorption from the thicker AZO reflector layer. The 

spectrum difference between the simulated and experimental results can be addressed by the 

following reasons: (i) The refractive index deviation of fabricated AZO from the Drude and Lorentz 

model. (ii) the fabrication imperfection of the stack. (iii) the absorption of CaF2 substrate is not 

considered in the simulation. 

 

Figure 4.10 (a) Infrared absorption of metasurface based thermal emitter and film stack thermal 

emitter. (b) Extracted 4  and ε as a function of feature size of top AZO 

metasurface, the blue dash line and red dash line represent  4  and ε of stack film, 

respectively. 

To identify the contribution of metasurface to the total infrared absorption, the absorption of 

metasurface based thermal emitter and film based thermal emitter is shown in Figure 4.10 (a), the 

absorption in the range of 5-8 µm and 10-15 µm is enhanced due to the electromagnetic field 

enhancement. Figure 4.10 (b) shows the extracted  4  and ε as a function of feature size(from 

1,000 to 2,000 nm) of top AZO metasurface, the overall visible transmittance slightly increased 

compared with the unpatterned top AZO film (blue dash line), while the ε value increased by 0.1 

compared with stack film ε=0.63, and it has proved the introduction of metasurface could enhance 

the infrared emissivity for a better radiative cooling performance due to the strong near-field 

plasmonics enhancement. To evaluate the contribution of the metasurface patterning (1350 nm 

width and 250 nm gap) to the infrared absorption, the electric near fields were plotted at the 

wavelength of 7.5 µm and 13 µm in Figure 4.11, a strong field enhancement was observed at the 

gap area, which is attribute to localized surface plasma resonance [121]. 
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Figure 4.11 Near-field maps of the metasurface based thermal emitter at wavelength of (a) 7.5 µm 

and (b) 13 µm 

4.3 VO2 based self-adaptive thermal emitter 

Optical devices with a strong tunability are desired for optical amplitude and phase modulation, 

with promising applications on optical modulator, structure color, thermal emitter etc [120, 122]. 

Phase change materials like GST, liquid crystal, (La,Sr) MnO3, VO2 have been widely used for 

achieving tunable optical device [123-126]. Among those phase change materials, VO2 is of 

particularly interest for its relatively low phase transient temperature and without external energy 

input. Here, we propose a thin-film self-adaptive thermal emitter that combines the high visible 

transparent and variable thermal emissivity. 
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4.3.1 Design and numerical modelling of the device 

Similar to the AZO-based thermal emitter design, the VO2-based thermal emitter device is also 

based on the Salisbury screen design, which is consisting of a dielectric layer sandwiched by top VO2 

metasurface and bottom infrared reflector, as show in Figure 4.12. For achieving a good visible 

transparency, the conventional metal back reflector is also replaced by a frequency-selective 

backreflector AZO, which presents high transparency in the visible range and reflects the 

wavelength in the midinfrared (2.5-25 µm). This modified design offers the advantages that a single 

pass through the VO2 is required in the visible, hence significantly reducing the solar absorption. 

The lower solar energy absorption fulfils a similar requirement as conventional radiative cooler that 

reflecting the sunlight back. 

Thanks to the thermochromism of VO2 near a critical temperature Ὕ around 68 °C, which offers 

VO2 with the capability of tunable infrared emissivity at different temperature. When the 

temperature is below the Ὕ,  VO2 is entirely in the monoclinic structure (M) and behaves as 

dielectric state in the MIR region. While for the temperature above the Ὕ, VO2 is in the tetragonal 

rutile structure (R) and behaves as a metallic state in MIR region. The thickness of SiO2 and bottom 

AZO reflector is chosen as 1200 nm and 300 nm, respectively, as discussed for the AZO-based 

thermal emitter. The 1200 nm SiO2 is to result in constructive interference of the incident and 

reflected electromagnetic wave when the VO2 is in metallic state and enhancing the absorption in 

the VO2 metasurface layer. 

 

Figure 4.12 Schematics of the VO2-based thermal emitter device when VO2 is in metallic state 

(left) and dielectric state(state). 
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Figure 4.13 Design optimization as 2D sweep of VO2 square feature size L and gap d through 

Lumerical FDTD solutions. (a) Solar absorption in cold state αcold (b) IR emissivity 

contrast Δɛ. 

The optimization route for the top VO2 metasurface was investigated like the AZO metasurface by 

2D sweeping the feature size (L) and gap size (d), and then the performances were calculated 

according to its transmittance and absorption spectrum. Instead, the performances of metasurface 

have changed to solar transmittance and IR emissivity contrast (Δɛ). Figure 13 (a) and (b) show the 

color map of calculated solar transmittance and IR emissivity contrast (Δɛ), respectively. For the 

solar transmittance below the Ὕ, the transmittance is inversely proportional to the VO2 coverage 

of the metasurface and it proves the VO2 has high absorbance in the solar radiation range. The 

highest Δɛ=0.3 is got when the L=3.1 µm and d=1.5 µm. 

4.3.2 Fabrication and characterization of the VO2-based self-adaptive thermal emitter  

 

Figure 4.14 Fabrication flow of the VO2-based thermal emitter device 

Due to the cleanroom access restriction during the pandemic, the fabrication part of the VO2 device 

is done by Dr. Kai Sun. Figure 4.14 shows the fabrication flow of the VO2-based self-adaptive thermal 

emitter. The same as the AZO-based thermal emitter, the AZO backreflector and SiO2 dielectric 

layers were deposited on CaF2 substrate by the Savannah ALD and PECVD, respectively, the CaF2 
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substrate was chosen because of its high transparency for the wavelength below 10 µm. Then, the 

VO2 was deposited by the ALD techniques which was developed and optimized by Dr. Kai Sun, and 

the deposition temperature was set as 150°C for preventing the precursors decomposition above 

200°C. The growth rate of VO2 is 0.37 Å/cycle and 6-inch substrate uniformity is below 2%, which 

are both confirmed by Ellipsometry. Because the as deposited VO2 film is amorphous and the post-

anneal treatment is needed to crystalize the VO2 into monoclinic state for exhibiting thermochromic 

properties. Then, the VO2 films were annealed in O2 pressure of 40 mTorr for 1 hour at 

temperatures of 450 °C. Afterwards, the VO2 was patterned into metasurface following the 

standard E-beam patterning process through resist spinning, E-beam Lithography and IBE etching. 

Finally, the E-beam resist was removed by ICP etching.  
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Figure 4.15 SEM images (scale bar: 1 µm) and associated optical spectra of VO2 metasurfaces as 

function of square features size L with gap size fixed at d=2 µm. (a) L=1.5 µm, (b) L=2.3 

µm (c) L=3.5 µm. (d)-(f) Transmission, reflection and absorption spectra of the VO2 

metasurfaces at 90°C (g)-(i) Transmission, reflection and absorption of the VO2 

metasurfaces at 30°C. 

The IR spectrum were measured by Fourier transform infrared (FTIR) at 30°C as cold and 90°C as 

hot and Vis-NIR spectrum were collected by a total reflection spectrophotometer (Bentham PVE300) 

at 30°C and 90°C as well. Figure 15 shows SEM images of the VO2 metasurface with different feature 

sizes L of 1.5 µm, 2.3 µm and 3.5 µm.  VO2 metasurfaces are well defined in square shape and the 
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gaps are accurately defined as d=2 µm. Optical spectra at 90°C (hot state, d-f) and at 30°C (cold 

state, g-i) are presented in Figure 15 (d-i).  

Table 4.4 Summary of calculated IR emissivity, solar absorption and visual transmittance at hot 

and cold status using measured experimental spectrum (Figure 4.15) 

L(µm) ₵hot ₵cold ɲ₵ hhot chold Tvis, hot Tvis, cold 

1.5 0.69 0.51 0.18 0.36 0.33 49% 51% 

2.3 0.74 0.52 0.22 0.33 0.30 57% 59% 

3.5 0.82 0.58 0.24 0.33 0.28 62% 60% 

4.7 0.81 0.54 0.26 0.36 0.29 58% 55% 

Film 0.80 0.54 0.26 0.46 0.43 29% 35% 

Table 4.4 summarizes the calculated values from the measured experimental Figure 4.15, which are 

related to infrared emissivity (ɛhot, ɛcold and Δɛ) and solar absorption (αhot and αcold) and 

transmittance parameters (Tvis, hot and Tvis, cold). As shown in the Figure 15 (d) and (g), the VO2 based 

thermal emitter exhibits over 60% visible transmittance and blocks almost all the mid-infrared EM 

wave incident to the AZO backreflector when the feature size L=3.5 µm. The visible transmittance 

of the structured VO2 metasurfaces improved by at least 20% compared with the bulk VO2 film 

(black curve), which is due to the reduced VO2 coverage.  Concerning the reflection spectrum in 

Figure 15 (e) and (h), a weak oscillating reflection presents in the spectral range from 0.4 to 1.5 µm. 

In the cold state of VO2, the high reflectivity between 2-8 µm is related to the highly reflected AZO 

backreflector. While in the hot state, the strong oscillations are seen with an amplitude depending 

on the metasurface feature size, which is caused by the interplay of Fabry Perot fringes in the SiO2 

layer and the strong absorption of VO2. At odd multiples of a quarter wavelength, a minimum 

reflection is seen as the anti-nodes coincide with the VO2 layer (Salisbury screen effect), while for 

even multiples nodes at the location of the VO2 result in maxima in the reflection. The thermal 

emissivity contrast Δɛ is the most important performance parameter for the smart emitter devices, 

which is given by the emissivity difference between the hot (90°C, ɛhot) and cold (30°C, ɛcold) states. 

For hot state, the feature size has an impact on the emissivity because of the plasmonic resonance 

enhancement to the IR absorption. Large feature sizes of 3.5 µm and 4.7 µm give similar ɛhot to the 

planar film, while smaller feature of 1.5 µm and 2.5 µm give smaller ɛhot value. For ɛcold, patterned 

metasurfaces are similar to the planar film since the dielectric VO2 gives no plasmonic enhancement 

and the emissivity at cold state is mostly related to the vibrational (LO and TO) phonon modes of 

the dielectric SiO2 spacer and the AZO back-reflector [127]. Overall, the emissivity contrast slightly 
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increases with the feature size from 1.5 to 4.7 µm and shows the highest Δɛ=0.26 for the feature 

size of 4.7 µm. 

For solar absorption, all patterned metasurfaces show significantly reduced absorption to the 

planar film in both cold and hot states. The measurface with feature size of 3.5 µm gives the lowest 

αcold value of 0.33, which reduces by 28% compared with the planar film. The hot-state solar 

absorption gives the lowest value of αhot =0.28 with the feature size of 3.5 µm corresponding to a 

35% improvement over the planar film (αfilm, hot =0.43). Therefore, the patterned metasurface with 

optimised design provide equivalent IR emissivity with a significantly reduced solar absorptions 

than the equivalent thin-film stack. This reduction in solar absorption is highly advantageous both 

for its improved thermal performance as well as for the strongly increased visual transparency. 

4.4 Conclusion 

In this chapter, the passive and self-adaptive thermal emitters with high visible transparency were 

introduced.  The AZO based passive thermal emitter consisting of AZO metasurfaces/SiO2/AZO was 

designed and fabricated, with best thermal-optical properties of visible transmittance 0.7 and 

infrared emissivity 0.8. The optimised thickness and carrier concentration of AZO backreflector 

have been proved by Lumerical FDTD solutions, and the best ranges of dielectric thickness, 

metasurface width and gap were also defined through simulation. The proposed transparent 

thermal emitter has the advantages of ultracompact, broadband infrared absorption and high 

visible transmittance. The patterned metasurface could support a strong absorption in the infrared 

due to the localised electromagnetic field enhancement in the FP cavity compared with planar 

structure. The visually transparent thermal emitter is suitable for the applications on the colored 

object which need to efficiently dissipate the heat as well as preserving its color.  

The VO2 based self-adaptive thermal emitter consisting of VO2 metasurfaces/SiO2/AZO was also 

demonstrated, with a solar transmittance of 0.62 and infrared emissivity contract 0.26, which offers 

a 71% improvement in solar transmittance without sacrificing the infrared emissivity tunability 

compared with a planar film emitter. The improved solar transmittance is mainly attributed to the 

VO2 coverage reduction and would be promising for the cooling of the spacecraft solar panel as well 

as for the smart window application. 
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Chapter 5 hǇǘƛƳƛȊŀǘƛƻƴ ƻŦ ƳǳƭǘƛǇƭŜπǎǇŜŎǘǊŀƭ ƛƴŦǊŀǊŜŘ 

ƻǇǘƛŎŀƭ ŘŜǾƛŎŜǎ ōȅ aŀŎƘƛƴŜ [ŜŀǊƴƛƴƎ 

5.1 Introduction   

Detection and spectroscopy of infrared radiation has been widely applied for applications in 

infrared imaging, sensing, camouflage, anti-counterfeiting, and radiative cooling, owing to its 

advantages in utilizing the high atmospheric transparency windows for its sensitivity to molecular 

vibrational energy levels and terrestrial blackbody radiation[99, 128, 129]. For many years, the 

design of infrared optical devices has mostly relied on the experience of the designer as well as 

trial-and-error or gradient based optimization routines [130] [131-134]. Moreover, this type of 

iterative design also requires the evaluation of a large number of different optical structures and 

high-volume optical simulations database, with problems such as high computational effort, high 

design time as well as cost and just for a single optimization goal.  

With the fast development of artificial intelligence technology in recent years, the application of 

machine learning algorithms to accelerating the design and optimization of optical devices has 

become an important aspect of the combination of optics and artificial intelligence[132, 135, 136]. 

Machine learning algorithms such as particle swarm optimization algorithms, deep learning 

algorithms, genetic algorithms, and generative adversarial networks (GAN) have been used to 

optimize the performance of infrared optics devices [137-142]. Among these algorithms, genetic 

algorithms based on the principle of natural selection have a clear advantage in the design of 

infrared optical devices for multilayer optical films due to their excellent internal parallelism, global 

optimization, flexibility, and scalability. The multilayer optical films have the advantages of large-

scale manufacture capability, persisting to high angle of incidence, and lower cost compared with 

patterned metasurface structures [143].  

This chapter describes the work that combining the genetic algorithm and the transmission matrix 

method to design, fabricate and characterize the multiple-spectral infrared optical devices for both 

terrestrial application (radiative cooler) and the design and analysis of extra-terrestrial application 

(Optical Solar Reflector, OSR). The developed algorithm provides the capability of optimizing the 

spectral performance of the same device at different wavelengths simultaneously, both in the solar 

radiation range and thermal infrared range. Those devices are based on the inorganic materials and 

can be one go fabricated by industrial level Helios sputtering system which has the advantages of 
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high uniformity, large-scale manufacture ability, lithography-free, high angle of independence and 

better film quality.  

The optimization goals for the radiative cooler for terrestrial application are maximizing the infrared 

emissivity between atmospheric window 8-13 µm as well as achieving a minimum solar absorption 

in the wavelength range from 0.3 to 2.5 µm. In our numerical studies we will report the optimized 

thermal-optical properties α=0.08 and ε=0.77 (8-13 µm). The optimization goals of multilayer OSR 

for extra-terrestrial application include a more broadband absorption over 2.5-25 µm and low solar 

absorption over the solar absorption range, with thermal-optical properties α=0.07 and ε=0.72 (2.5-

25 µm). In both cases, the emissivity remains almost constant for a large angle of incidence up to 

70°. The efficient design strategy and one go manufacture potential capability of the radiative 

cooler and related perfect absorber could be applied for solar energy collection, optical filter, 

infrared camouflage device and other fields.  Besides the demonstration of the radiative cooling 

devices for both terrestrial and extra-terrestrial application, the VO2 based adaptive infrared 

thermal emissivity tunable devices are optimized in this chapter, to the best of our knowledge, it’s 

the first time to apply the GA on the VO2 based infrared tuneable devices with the maximum 

emissivity tunability, the positive and negative differential thermal emissivity devices are optimised 

for the purpose of maximum Δε. 

5.2 Background   

5.2.1 Optical Solar Reflector 

During the operation of spacecraft in outer space, the external thermal environment can change 

drastically, with temperatures fluctuating from -150 to 150°C. The spacecraft thermal control 

system plays a vital role in maintaining the equipment on board and ensuring the normal operation 

of the spacecraft's internal electronics and extending the service life of the spacecraft. Because the 

outer space is in vacuum state, the only way to exchange heat between the spacecraft and outer 

space is through thermal radiation, which is mainly located in the mid infrared wavelengths 

according to the laws of thermodynamics. As one of the most important thermal control devices 

for spacecraft, the Optical Solar Reflector (OSR) with low solar radiation absorption (α) and high 

infrared emissivity (ε) plays a vital role in maintaining the normal operation of the internal 

equipment and the electronics of the spacecraft, and it is important to extend the service life of the 

spacecraft.  

Since the 1960s, the quartz-based optical solar reflectors (OSRs), also known as secondary surface 

mirrors is the main thermal radiator used on spacecraft, whose basic structure is a 100 nm thin film 
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of Aluminium or Silver deposited on the side of a borosilicate glass with thickness around 150-200 

µm. OSR device based on quartz tiles are fragile, and cannot be bent or folded, so the assembly 

process is difficult and expensive. It usually takes several hours to install a 5x5 cm2 piece of OSR tile 

onto a spacecraft and several days of skilled worker to install all the OSR components of a spacecraft. 

Due to the rigidity and brittleness of the glass, the glass is easily damaged during installation and, 

in addition, the mechanical vibrations during the launch, testing and delivery of the satellite may 

cause the quartz pieces to break easily, making them expensive to assembly, integration and test 

(AIT). For the aforementioned drawbacks of the quartz-based OSR device, it is of interest to develop 

a flexible and lightweight OSR solutions with the help of introducing the machine learning and 

metamaterial. 

5.2.2 Metamaterial-based radiative cooling devices 

In recent years, a lot of efforts have been put on the developing radiative cooling devices for 

terrestrial and extra-terrestrial application. In 2014, Professor Shanhui Fan's group at Stanford 

University first introduced a multilayer thin film based radiative cooler that not only achieved high 

solar radiation reflectivity over 97% but also high infrared emissivity over 60% in the 8-13 µm 

atmospheric window, this was the first experimental demonstration of daytime radiative cooling 

and achieved temperatures nearly 5 degrees lower than the ambient environment under direct 

sunlight [99]. However, for the radiative cooling devices for spacecraft, a strong broadband 

emissivity from 2.5 µm to 25 µm is required. The organic material based radiative cooling film 

developed by Prof. Ronggui Yang and Prof. Xiaobo Yin at the University of Colorado in 2017 and the 

radiative cooling paint with porous structures developed by the group of Prof. Nanfang Yu at 

Columbia University in 2019 can achieve broadband absorption over the 2.5-25 µm wavelength, 

the simplicity of those techniques could be applied to different surfaces by painting or spraying[100, 

144]. However, the organic polymer materials based radiative cooling film or paint are not suitable 

for space applications, because of the extreme conditions of the radiation environment in outer 

space which includes high energy cosmic rays as well as ionizing solar radiation and stronger solar 

UV radiation [67, 145, 146]. Those radiations will cause self-oxidation, degradation, and breakage 

of the polymer's chemical bonds, and seriously affect the spacecraft's lifetime and its thermal 

control capability. In 2018, our group has developed a meta-surface based broadband infrared 

absorber, named Meta-OSR, which is based on Salisbury Screen and consisting of AZO metasurface 

on SiO2 dielectric layer on Al mirror, and the infrared emissivity (2.5-25 µm) and a solar absorptance 

(0.3-2.5 µm) are 0.79 and 0.16, respectively [147]. However, the fabrication of meta-OSRs is 

expensive due to the complex electron beam lithography and etching processes involved, even 

though the cost for metasurface could be reduced by nanoimprint lithography, but the cost is still 
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very high compared with film-based structure. From the practical applications and integration point 

of view, the multilayer film-based structure would be a strong alternative candidate. A lot of efforts 

have been put on optimizing the multilayer-based radiative cooler for terrestrial application, which 

need a high absorption in atmospheric window (8-13 µm) [109]. However, so far there have been 

limited demonstrations of applying thin-film multilayer structures for the OSR application in space.  

5.2.3 VO2 based thermal emissivity tunable devices 

Thermal radiation plays an important role on our daily life, with applications on the thermal imaging, 

infrared camouflage and thermal management. The traditional materials and structures possess 

the fixed emissivity once fabricated and can’t adjust the thermal radiation according to the 

surrounding media or for some specific applications [148, 149]. Inspired by the nature specie like 

chameleon, which could change their reflectance in the visible by tuning the structure of guanine 

nanocrystals, scientists have developed several ways to achieve the smart regulation of the thermal 

radiation by smart materials including mechanically responsive materials, electrochromic materials 

and thermochromic materials [150]. Among those materials, the thermochromic material VO2 is 

one of the most promising smart thermal regulation materials because of its advantages of 

relatively low transition temperature,  reversible response, and zero energy requirement in passive 

thermochromic device configurations [64, 151]. 

 

Figure 5.1 Schematics of the VO2-based (a) positive differential thermal emissivity device and (b) 

negative differential thermal emissivity device. 

The thermal emissivity of VO2-based thermochromic devices is heavily depended on how the 

materials are embedded into the multilayer structure. We can therefore divide the design space 

into two different types of smart thermal regulation devices, one is the positive differential thermal 

emissivity device with higher emissivity above the transition temperature, the other one is the 

negative differential thermal emissivity device with higher emissivity below the transition 
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temperature [149, 151], as shown in the Figure 5.1. Traditional structures for both the positive and 

negative differential thermal emissivity devices are based on the tri-layer Fabry-Pérot cavity 

structure, which is consisting of dielectric layer sandwiched by VO2 and metallic layer. Again the 

current state of the art in designed structures, with different thickness and materials selection for 

each layer, heavily relies on the experience of the designer and lack of freedom of design [152, 153]. 

The application of more advanced algorithm will speed up the design efficiency as well as improve 

the devices performance at the same time. 

5.3  Methods  

5.3.1 Genetic Algorithm 

The structure applied for the optimization of the infrared photonics device is based on the 

multilayer thin film structure, which provides a number of advantages in terms of high-volume 

manufacturing capability, high durability and mechanical strength of the hard inorganic coatings 

compared to polymer or nanoparticle designs, and flexibility in integration for practical applications. 

A lot of efforts have been put on optimising the radiative cooling devices. The alternating metal-

oxides layers have been previously applied on the design of reflective radiative cooler, Jeong et al. 

demonstrated 8 alternating layers of 500 nm thickness TiO2 and SiO2 on 200 nm Ag with mid-

infrared emissivity over 80% and solar reflectivity over 94% [154]. However, this design was done 

through experience of the designer and may not represent a global optimum in performance versus 

device thickness. Chae et al. has applied the particle swarm optimization for optimizing the radiative 

cooler structure consisting of SiO2 on SiN on Al2O3 on Ag, and got emissivity 87% and solar 

reflectivity 95%, however here the problem is that the structure itself was fixed and only the 

thickness of each layer was optimized, which limits the freedom of design and the device 

performance [137]. Another category of optimization codes are the genetic algorithms (GA), which 

are based on the principle of natural selection.  

The GA is used to search the maximum object function in predefined range with an evaluation 

function, which is normally to get a maximum or minimum Objective Function/Figure of Merit 

(FOM). Genetic Algorithm tend to be very useful when the Objective Function is highly complex or 

discontinuous. The two most notable advantages of GA over other optimization algorithms are the 

capability of dealing with the complicated problems and parallelism [155]. The GA could be utilised 

to deal with various optimizations, whether the objective function is non-stationary or stationary, 

continuous or discontinuous, linear or nonlinear. The various offspring in one generation could 

search space in different directions simultaneously and this feature offers the GA the advantages 

of internal parallelism. 
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There has one drawback of GA during the optimization process, which is the optimal result will 

converge to a local optimum instead of the global optimum for the objective function. The initial 

population was defined for avoiding undesirable convergence to a local optimum and accelerating 

the computation speed (instead of starting from unreasonable random population). In our GA, the 

stability and flexibility could be improved through modularly different blocks of the algorithm, so 

that the GA will be more stable and robust when combining with other mathematical formalism 

like Transfer Matrix Methods (TMM) and applying to solve more questions like for the dynamic 

radiative cooling device optimization.  

 

Figure 5.2 Flow chart of the Genetic Algorithm for Reflective Radiative Cooler optimization, the 

integration wavelength ranges for reflective Radiative Cooler and Optical Solar 

Reflector are 8-13 µm and 2.5-25 µm, respectively. The Transfer Matrix Method will 

be used for the absorption spectrum calculation for the initial population and the 

following every new thickness and materials population. 

The genetic algorithm used here was developed in collaboration with Mr. Peng Dai, the main 

framework of the GA is based on DEAP (Distributed Evolutionary Algorithms in Python), which could 

be used as a groundwork for application of evolutionary algorithms like Genetic Algorithm and 

Particle Swarm Optimization, we adapted the GA together with the Transfer Matrix Methods (TMM) 
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to optimize the optical properties including reflectance, transmittance and absorptance. The flow 

chart of the Genetic Algorithms for the Radiative Cooler is shown in the Figure 5.2, the initial 

population/first generation was predefined at the beginning, the first generation is consisting of a 

set of chromosomes and different layer thicknesses and layer materials combinations are coded 

into chromosomes. The chromosomes can be divided to many subsets and each subset represents 

a gene and refers to the optimal thickness and material parameters. Afterwards, in each cycle, the 

absorption spectrum of each subset will be calculated by TMM through decoding those genes into 

thickness and materials related parameter. And then these population will be optimized (after 

crossover and mutation phases) and stored according to the quality of the evaluation function, only 

the chromosomes with highest fittest will be selected and passed on to the next generation. After 

the number of the generations reach the predefined value, the optimization will be terminated. 

The value of number of generations was set to 100 for reducing the possibility of convergence to 

local optimum, and the crossover and mutation values were set to be 0.8 and 0.2, respectively. The 

population size of each generation in the GA is set to 100. 

 

Figure 5.3 Flow chart for the VO2 based thermal emissivity tunable devices, with the purpose of 

getting the maximum Δε. 

Besides the different materials and thicknesses in each layer, the number of the layers and the 

maximum thickness of each layer were also the optimization parameters for the purpose of 

constraining the total thickness. In the evaluation phase, it’s very important to define the evaluation 
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function precisely and accurately, because the GA is designed to improve the fitness again and again. 

The difference for the optimization of the reflective Radiative Cooler and OSR is the integration 

wavelength ranges for the emissivity calculation, and it is defined 8-13 µm for RC and 2.5-25 µm for 

OSR. Figure 5.3 shows the flow chart for VO2 based thermal emissivity tunable device, the main 

framework of the Genetic Algorithms is the same, and the difference is on the Evaluation Function. 

The TMM will be used to calculate the absorption spectrum of Rutile VO2 (εhighT) and Monoclinic 

VO2 (εlowT) separately, and then the Δε is defined as εhighT-εlowT for positive differential emissivity 

device and εlowT-εhighT for negative differential emissivity device, and the fitness function defined 

here is to maximise the Δε. 

5.3.2 Optimization Goals 

In this chapter, the radiative cooling devices will be designed with combining the genetic algorithm 

and transfer matrix methods to select the best thickness and materials composition. The goal is to 

achieve one-go manufacture of OSR with a high broadband IR emissivity (ε > 0.70, 2.5-25µm) and a 

low solar absorptance (α<0.1, 0.3-2.5µm) with FOM=ε/α, besides, the total thickness of device will 

be constrained less than 2.5 µm to achieve better flexibility and reduce the AIT and launch cost. 

Besides, the GA will also be applied on the VO2 based thermal emissivity tunable devices (FOM=

), for the purpose of achieving the maximum emissivity tunability. 

5.3.3 Helios Sputter for one-go manufacture of the thin film structure 

From the fabrication cost point of view, the planar film has clear advantages over a metasurface-

based device geometry, because the planar film or multilayer structure does not require 

complicated lithography and etching processes. In this work, the Helios sputtering system is applied 

for the optical film coating using reactive sputtering under high vacuum conditions. As an industrial-

level sputtering equipment for the fields of precision optics and optoelectronics, the Helios sputter 

provides the capability to load 12 pieces 8-inch wafter at one time, with maximum 200 layers and 

20 µm thickness. The Helios sputtering tool has two mid-frequency plasma sources (for dielectric 

sputtering) and one DC source (for metal sputtering). The sputter source is made of two separate 

sputter electrodes that act as sputter cathodes alternatively. The alternating electrical field for the 

alternating polarity of the electrodes is provided by the mid-frequency generator, while the 

dielectric sputter sources are supplied by the same MF generator and can only operate separately. 

Each sputter electrode is equipped with a rectangular target which is bonded on to a copper backing 

plate and connected with a water-cooled cover, the cover includes a magnetic system for increasing 

the plasma intensity.  
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Figure 5.4 shows the schematics of how the Helios Sputter works. First of all, the energetic ions (Ar) 

will be accelerated by the electrical field and plasma, and then the target atoms will be ejected from 

to the solid target material to the substrate due to the bombardment by the energetic ions, after 

that the plasma source will generate high density plasma source for ion-assisted coating (O2 or N2), 

so that the oxides and nitrides could be deposited on the substrate. For the purpose of improving 

the adhesion and film quality, the plasma source could be used for the pre-treating or pre-cleaning 

a substrate, which is depending on the gases imported, for example, the Ar could be used for pre-

cleaning the substrate through removing the surface contaminants like water vapor and 

hydrocarbon. Three different targets could be installed in the Helios, so that up to 6 different 

compounds and 3 elements could be deposited with two plasma sources (O2 or N2) and DC source, 

respectively. 

 

Figure 5.4 Schematic of one-go manufacture of optimized radiative cooler with Helios Sputter 

5.4 Results on of the Radiative Cooler and Optical Solar Reflector 

For the radiative cooling devices including both for the terrestrial (Radiative Cooler, RC) and extra-

terrestrial applications (Optical Solar Reflector, OSR), since those devices are the passive devices, 

whose optical properties are fixed once fabricated, the goal is to maximise the emissivity as well as 

minimizing the solar absorption. To get an excellent reflective radiative cooler, it is important to 

gain high emissivity in the infrared range (8-13 µm for RC and 2.5-25 µm for OSR). In this part, the 
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design and fabrication of reflective radiative cooler for terrestrial application will be demonstrated. 

Besides, the design for the OSR will be also presented, but no further experimental results will be 

shown due to the limited access to the cleanroom during the COVID-19 pandemic. 

5.4.1 Design of Radiative Cooler and Optical Solar Reflector 

The materials selections for the radiative cooling device are vital to increase the design efficiency, 

which not only should have a low extinction coefficient (imaginary part of refractive index) in the 

solar absorption but have a high extinction coefficient for keeping high emissivity. The high 

extinction coefficient refers that the electromagnetic wave will decay rapidly when the wave passes 

through the materials and leads to a high absorption. As stated by the Kirchhoff’s law of thermal 

radiation, the emissivity is equal to the absorption in a thermodynamic equilibrium state. Therefore, 

the higher extinction coefficient results in a higher emissivity. Considering the fabrication feasibility, 

the materials used during the optimization are those standard materials in the Helios sputtering 

tool, including SiO2, SiN, TiO2, Al2O3, and Ta2O5. In contrast with the previous optimization methods 

which are primarily based on some predefined stack with the goal for thickness optimization, the 

genetic algorithm could select the material and thickness for each layer, with the goal of achieving 

the highest Figure of Merit. Besides, the total thickness of the RC and OSR is constrained below 2.5 

µm to ensure mechanical flexibility of the resulting coatings when fabricated onto Kapton foils.  

 

Figure 5.5 Imaginary refractive index (extinction coefficient) of different optical materials, the 

refractive index of SiN, SiO2 and MgF2 is measure with Ellipsometry and the refractive 

index of  Al2O3, Ta2O5, TiO2 and ZnS is from [156], [157], [158] and [159], respectively. 

Design parameters for the optimized multilayer reflective RC are listed in Table 5.1. The optimal 

structure for RC is consisting of 8 alternating layers on top of Al after the GA optimization, only two 
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materials (SiN and SiO2) are selected although 5 candidate materials were considered during the 

optimization process. The reason of the material selection for the RC is because the SiN and SiO2 

have a high extinction coefficient at the atmospheric window 8-13 µm and could result in high 

absorption by proper design. The optimal structure for RC shows the thermo-optical properties of 

ε=0.767 (8-13 µm), α=0.081 (0.3-2.5 µm), ε/α=9.41, and the total thickness is 1.654 µm. Compared 

with other inorganic materials-based radiative cooler, the α (solar absorption) of the 

aforementioned RC is high, which is mainly from the solar absorption of the Al mirror (7% solar 

absorption for 100 nm Al). As presenting in the Table 5.1, the α could be further decreased to 0.05 

by replacing the Al mirror with Ag mirror and the ε=0.80 (8-13 µm) and ε/α=16.0. The reasons for 

using Aluminium instead of Silver during the optimization include (1) longer lifespan under 

ultraviolet (UV) radiation (Al has the highest reflectance in the UV and IR ranges among all the 

metals) (2) lower cost (Al is the most abundant metal in the earth crust) (3) better adhesion and 

durability (the natural barrier oxide Al2O3 layer could protect it from further corrosion and enhance 

the adhesion) (4) the availability of the Al target in the Helios and for getting high film quality 

without breaking the vacuum between each layer.   

Table 5.1 Design parameters for the Radiative Cooler with different metal mirror 

Design parameters for the Radiative Cooler with Al Mirror 

# Layer 8th 7th 6th 5th 4th 3rd 2nd 1st Base  

Material  SiN SiO2 SiN SiO2 SiN SiO2 SiN SiO2 Al   

Thickness(nm) 153.6 208.5 234.6 220 478 182.6 98.0 78.7 100  

Ů8-13µm 0.767 

Ŭ0.3-2.5 µm 0.081 

Design parameters for the Radiative Cooler with Ag Mirror 

# Layer 7th 6th 5th 4th 3rd 2nd 1st Base   

Material  SiO2 SiN SiO2 SiN SiO2 SiN SiO2 Ag   

Thickness(nm) 141 248 96 198 183 86 542 100   

Ů8-13µm 0.800 

Ŭ0.3-2.5 µm 0.050 

 

The schematic of the Reflective Radiative Cooler is shown in Figure 5.6 (a), which is consisting of 8 

alternating layers of SiN and SiO2 on top of Al mirror, the detailed thickness and the material 

composition is shown in Figure 5.6 (b). To present the relationship between the FOM and the 
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number of generations, as shown in Figure 5.6 (c), we could easily see the fitness function converges 

after 20 generations iteration, and the highest FOM (ε/α) can reach close to 0.8. The optimized 

absorption/emissivity spectrum is shown in Figure 5.6 (d), the high infrared emissivity and low 

thermal absorption achieve at the same time, the high extinction coefficient of SiN and SiO2 from 

8-13 µm supports a high absorption in the infrared. At the same time, due to the low extinction 

coefficient (close to 0) of SiN and SiO2 for the wavelength below 2.5 µm, the solar absorption could 

be decreased to 0.08. For getting a net radiative cooling for terrestrial application, the α value 

should be decreased to less than 0.05, which could be achieved through replacing the Al mirror 

with Ag mirror, as indicated in Table 5.1. The Al mirror is preferred in many applications as it is less 

susceptible to environmental degradation through oxidization.  

 

Figure 5.6 (a) Schematic of the reflective radiative cooler optimized for 8-13 µm range, which 

consists of 8 alternating layers of SiO2 and SiN on Al mirror (b) Thickness of the 

optimized radiative cooler layer by layer (c) Figure of merit (Emissivity at the 

atmospheric window 8-13 µm) with the number of generations of Genetic Algorithm 

(d) Optimized spectrum of the radiative cooler at solar radiation range and mid 

infrared range. 
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5.4.2 Fabrication and characterization of reflective Radiative Cooler 

The fabrication of the radiative cooler is straightforward, and the one-go manufacture of the 

radiative cooler was done by using the Helios Sputter. Firstly, 6-inch Silicon wafer was loaded into 

the chamber, then the 100 nm Al mirror was deposited by utilising the DC source and Al target, 

subsequently, 8 alternating layers of SiO2 and SiN were deposited by using mid-frequency plasma 

sources (O2 and N2) and Si target, finally the as fabricated sample was collected after unloading 

process. The deposition rates for the SiO2, SiN and Al are 0.51 nm/s, 0.17 nm/s and 0.21 nm/s, 

respectively, which is measured and confirmed with Ellipsometry. The deposition parameters for 

each deposition materials in Helios are shown in Table 2. Figure 5.7 (a) shows the photo of as 

fabricated 6-inch Radiative Cooler, which is quite reflective under the sunshine. Afterwards, the UV-

Vis-NIR spectrum and mid-IR spectrum were collected by using the total reflection 

spectrophotometer (Bentham PVE300) and the commercial FTIR microscope (Thermo-Nicolet 

Nexus 670, Continuum microscope), respectively.  

Table 5.2 Deposition parameters for the reflective radiative cooler 

Deposition 

Materials 

Targets Voltage(V) Current(A) Pressure(mbar) Gas Gas Flow 

(sccm) 

Al  Al  470 4.3 1E10-5 Ar 15 

SiN Si 680 4.8 1E10-5 Ar/N2 40/30 

SiO2 Si 950 10.3 1E10-5 Ar/O2 40/25 

Figure 5.7 (b) presents the simulation and experimental absorption spectrum of the Radiative 

Cooler, the simulated spectrum fits well with the experimental spectrum. The RC show low 

absorption when integrated from 400 nm to 2.5 µm and reflect over 90% of the incident solar power, 

which is due to the high reflectance of the Al mirror and the low optical loss of SiO2 and SiN within 

the solar range. Besides, the RC also shows a remarkably selective emissivity for the wavelength 

range from 8 to 13 µm due to the high extinction coefficient of the SiO2 and SiN. Moreover, the 

infrared emissivity of the RC persists to a large angle of incidence up to 60° and remains high even 

at a remarkably large angle of incident at 60°, which is useful for maximizing the radiated power. 
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Figure 5.7 (a) Photo of as fabricated 6-inch radiative cooler, and one pound coin was put next to 

the radiative cooler (b) Simulation and experimental absorption spectrum of the 

radiative cooler (c) ε value of the radiative cooler with variable angle of incidence 

In order to understand the absorption contribution from each layer, we calculate the absorption of 

reflective radiative cooler from the Al mirror to the above stack layers. Figure 5.8 (a) shows the 

absorption contribution between 8 to 10 µm is mainly from h3_SiO2, h5_SiO2 and h7_SiO2, which is 

corresponding to the high extinction coefficient range of SiO2. Concerning the absorption at the rest 

of atmospheric window 10-13 µm, the absorption is mainly from h4_SiN, h6_SiN and h8_SiN, and 

also corresponding the high extinction coefficient range of SiN. For the solar absorption range, the 

absorption is primarily from the Al mirror, because the SiN and SiO2 are almost transparent in the 

visible and NIR range, which make little electromagnetic wave decay. Interestingly, the infrared 

absorption contribution from the h1_SiO2 and h2_SiN is very little compared with the upper layers, 

the reason might be the thinner thickness contributes less absorption. 
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Figure 5.8  (a) Absorption contributions from each layer of radiative cooler (b) Electric-field intensity 

for intrinsic absorption at 9.46 µm, 10.22 µm, 12.16 µm, and 13.46 µm, PML is the 

perfect matched layer. 

The electric-field intensity map for the intrinsic absorption in different position of the spectrum 

were shown in Figure 5.8 (b) for further explaining the absorption contributions. The upper layers 

show stronger electric field compared the bottom layers. For the wavelength at 9.46 µm and 10.22 

µm, the intensity of h5_SiO2 and h7_SiO2 layers is stronger than the rest of the layers and these two 

layers make the mostly contributions to the absorption from 8 to 10 µm, which is also 

corresponding to the high extinction coefficient of SiO2 from 8 to 10 µm (As shown in Figure 5.5). 

While for the given wavelength points at 12.16 µm, and 13.46 µm, the h4_SiN, h6_SiN and h8_SiN 

show a high intensity, and it is also because the high extinction coefficient range of SiN from 10 to 

13 µm. 

5.4.3 Design and analysis of thin film Optical Solar Reflector 

The optimization goal for OSR is different from RC on the emissivity integration range, the emissivity 

integration range for the RC is from 8 to 13 µm (atmospheric window) for terrestrial application, 

while the OSR is from 2.5 to 25 µm for extra-terrestrial/space application.  

Concerning the multilayer structure based Optical Solar Reflector, which needs a high absorption 

at whole mid-infrared 2.5-25 µm. However, the SiN and SiO2 cannot support a high absorption 

below 8 µm and over the 13 µm because of the low extinction coefficient of SiN and SiO2 outside 8-
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13 µm. For the absorption below 8 µm, to the best of our knowledge, there is no suitable inorganic 

optical material with high extinction coefficient from 2.5 to 8 µm, so it’s vital to focus on the 

absorption over 13 µm. Ta2O5 is an inorganic compound with a high refractive index, low absorption 

at solar absorption range (0.3-2.5 µm) and high absorption at long wavelength infrared and far 

infrared, which has been widely used for optical coating with applications on antireflection and 

optical filter [157]. The Ta2O5 was selected as a third material for broadband absorption in mid-

infrared due to its high extinction coefficient over 13 µm.  

Table 5.3 Design parameters for the Optical Solar Reflector 

Design parameters for the Optical Solar Reflector 

# Layer 18th 17th 16th 15th 14th 13th 12th 11th 10th  

Material Ta2O5 SiO2 SiN SiO2 SiN SiO2 SiN SiO2 Ta2O5  

Thickness(nm) 93.6 77.9 172.2 68.1 145.9 108.7 114.4 65.7 145.6  

# Layer 9th 8th 7th 6th 5th 4th 3rd 2nd 1st Base 

Material SiN SiN SiO2 SiN SiO2 SiN SiO2 SiN SiO2 Al  

Thickness(nm) 99.6 123.8 134.6 102.6 92.1 136.8 84.6 256.4 64.1 100 

Ů2.5-25µm 0.718 

Ŭ0.3-2.5 µm 0.071 

As shown in Figure 5.9 (d), the optimized OSR structure is made of 18 layers of SiN, SiO2 and Ta2O5 

on Al reflector. The optimised OSR shows the good thermo-optical properties with ε=0.718 (2.5-25 

µm), α=0.071(0.3-2.5 µm), ε/α=10.2, and the total thickness is 2.088 µm. Like the reflective 

radiative cooler, the upper SiN and SiO2 layers make a great contribution to the absorption between 

8 to 13 µm, while the h10_Ta2O5 and h18_Ta2O5 show a high absorption over 13 µm, which is 

because the high optical loss occurs in the Ta2O5 layer. In the UV-Vis-NIR range, those materials own 

negligible optical loss, which make the α value could be as low as 0.07. Remarkably, the solar 

absorption α of the whole stack is even lower than the α of the single 100 nm Al reflector, and it 

proves the stack on top of Al is acting as a distributed brag reflector to some extent. With the 

combination of these three materials, the multilayer structure based OSR shows the thermo-optical 

properties with α=0.071, ε=0.718, ε/α=10.2, which has met the requirements for the OSR (target 

Ƌ 0.1; target ƌ 0.8/0.7). Due to the thickness constraints during the optimization, the total 

http://www.meta-reflector.eu/objectives_1.html
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thickness of the stack is 2.088 µm and it means the OSR could be deposited on the flexible substrate 

like Kapton for practical application in the near future.  

 

Figure 5.9 Absorption contributions from (a) layer h0 to layer h5 (b) layer h6 to layer h11 and (c) 

layer h12 to layer h18 (d) Corresponding thicknesses and materials of each layer. 

The fabrication of the new OSR was delayed and could not be fully fabricated by my own due to the 

large delay of installing of the Tantalum target, the first 11 layers of the OSR was deposited by 

myself and the rest of the layers (the rest of the including Ta2O5) was deposited by Dr. Kai Sun. 
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Figure 5.10 shows the experimental and simulated absorptance spectrum of the OSR device. It has 

a relatively low absorption in the solar absorption range, the difference between the simulated and 

experimental result is because the recipe for the Ta2O5 is not well developed (the recipes for the 

SiN and SiO2 are the same as the Radiative Cooler fabrication, which show very low optical loss), so 

that the refractive index of Ta2O5 is different from the refractive index database in Genetic 

Algorithm. The difference between the experiment and simulation is also happened in the infrared 

thermal radiation range for the wavelength over 18 µm, which is also related to the Ta2O5 layers. 

However, this multilayer structure still shows a relatively high absorption from 8 to 18 µm, which is 

mainly supported by the SiN and SiO2. Overall, the as-fabricated OSR shows a good thermal-optical 

properties with α=0.16 and ε=0.70 (2.5-25 µm), and it can defeat the metasurface based OSR 

(metareflector) which shows a relatively the same α and ε while with complicated patterning 

process [147]. For solving this problem, more time should be spending on the process development 

for the Ta2O5 deposition with Helios. 

 

Figure 5.10 The experimental and simulated absorption spectrum of OSR 

5.5  Design of VO2 based thermal emissivity tunable devices 

Variable emissivity devices are of importance for a number of applications, such as the smart 

radiator devices for thermal regulation of spacecraft, adaptive infrared tunable devices for infrared 



Chapter 5 

73 

camouflage and smart radiative cooling for personal thermal management. While the current 

geometries of the VO2 based devices are mainly based on Fabry–Pérot cavity or directly depositing 

VO2 on reflecting mirror, the emissivity tunability is not optimized to the best performance. The 

genetic algorithm has been applied for the passive infrared device like for day-time radiative cooler, 

however VO2 based adaptive infrared devices has not been explored yet. As explained in the 

methods section. The GA will be used here to achieve the maximum infrared tunability Δε. We 

optimized both the positive and negative differential thermal emissivity device configuration with 

applications aimed towards the switchable radiative cooling device and adaptive infrared 

camouflage applications, respectively. 

5.5.1 Design of VO2 based positive differential thermal emissivity device 

 

Figure 5.11 (a) Real part and (b) Imaginary part refractive index of materials CaF2, MgF2, YF3 and ZnS, 

the refractive index for YF3 is measured by our collaborator CREO from Italy. (c) 

Optimised VO2 planar film on CaF2 on Al Radiative Cooler at different temperature by 

Genetic Algorithm (d) Epsilon (ε) and Alpha(α) value of VO2 based Radiative Cooler with 

different VO2 thickness 

VO2 based positive differential thermal emissivity devices (Δε=εhighT-εlowT>0) provide an increase in 

emissivity with increasing temperature above the critical transition of the thermochromic material. 
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VO2 behaves different states above (Rutile) and below (Monoclinic) the transient temperature. In 

the Rutile state, VO2(R) behaves like a metal layer to elevate the absorption in the mid-infrared, 

while VO2(M) behaves like a dielectric and is almost transparent in the mid-infrared. Therefore, 

such a positive differential thermal emissivity device could regulate the object temperature near 

the transition temperature and realize smart thermal control functionality. However, the tunability 

of the transition temperature for VO2 based devices is limited to the transition temperature at 68°C 

and cannot satisfy for the practical needs of many applications requiring a transition point around 

room temperature. A lot of effort has been put on achieving positive differential thermal emissivity 

devices in existing literature. Haddad et al. proposed to deposit the VO2 directly on a highly 

reflective aluminium film and showed that this stack exhibits a positive differential variable 

emissivity Δε=0.1-0.3, depending on the VO2 thickness and the crystallinity [146].  

For increasing the Δε, a Fabry–Pérot cavity design was introduced for enhancing the emissivity 

regulation. In a typical FP cavity, the device is made of a dielectric layer sandwiched by the top VO2 

layer and the bottom reflective metal reflector (Al, Ag or Au). Different dielectric layers including 

SiO2, HfO2, Si and CaF2/SiN have been selected to realize the positive differential thermal emissivity 

device, and the Δε could be reached to 0.66 in the mid-infrared [146, 149, 151]. The Δε should be 

as high as possible for a better device performance. However, due to the high intrinsic absorption 

of SiO2, HfO2, Si and SiN in the mid-infrared, the absorption below the transient temperature is 

relatively high (εlowT>0.3), which constrains the maximum Δε to values below 0.7. Therefore, a 

dielectric material with low extinction coefficient in the mid-infrared is essential to maximize the 

Δε. 

CaF2, MgF2, YF3 and ZnS are promising candidate as a dielectric layer for the VO2 based device, since 

their extinction coefficient is negligible at the atmospheric window (8-13 µm), so that the values of 

εlowT are below 0.05 after calculation and just need to maximize the εhighT. Figure 5.11 (a) and (b) 

shows the refractive index values for these four materials taken from literature [160, 161]. After 

applying the GA on the optimization of the device, the relationship between the fixed VO2 thickness 

and εhighT was explored, as shown in Figure 5.11 (d), the εhighT shows the maximum value of 0.83 

when the thickness is 15 nm, and the εhighT starts to decrease with the increase of the VO2 thickness 

afterwards, which is because the EM wave decays more in the thicker VO2 film.  

5.5.2 Supressing the solar absorption for the VO2 based thermal emissivity tunable devices 

It should be noted from Figure 5.11 (d) that the solar absorption (α) continues to grow with the 

increase of the top VO2 thickness. Regarding to achieve a day-time tunable radiative cooler, the 

energy absorption and dissipation should be considered simultaneously. One of the challenges for 
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the VO2 based adaptive radiative cooling device is the high solar absorption (α) over 0.3-2.5 µm due 

to the high extinction coefficient of VO2 in the visible and near infrared, the existence of high α is 

impossible to get an efficient radiative cooling.  

The parameter α is related to the VO2 thickness, VO2 coverage and incident light composition, 

therefore, there are three ways to lower the α, including decreasing the VO2 thickness, decreasing 

the VO2 coverage by patterning the VO2 film into the metasurface and placing an optical 

reflector/filter on the VO2 based adaptive radiative cooling device (Reflecting the solar radiation as 

well as letting the mid-infrared light coming through).  Because the optical property of VO2 below 

20 nm can’t behave like as the thicker VO2 film above and below the transient temperature, so that 

the deduction of the α through decreasing the VO2 has constrain.   

 

Figure 5.12 (a) Absorption spectrum of 20 nm VO2 planar film on 1700 nm CaF2 on 100 nm Al 

Radiative Cooler at different temperature (b) Alpha α value of Metasurface based 

Radiative Cooler with different feature size and gap size, where solid line presents VO2 

at metallic state and dash line is corresponding to the VO2 at dielectric state (c) ε and 

(d) Δε value of VO2 based radiative cooler 

For demonstrating the influence of the patterned VO2 metasurface on the α and Δε, a 20 nm VO2 

planar film on 1700 nm CaF2 on 100 nm Al structure FP cavity design was used. As shown in Figure 
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5.12 (a), the absorption spectrum of VO2 based FP cavity shows a high emissivity εhighT=0.80 above 

the transient temperature in the atmospheric window at 8-13 µm wavelength, and almost 

negligible εlowT=0.03 below the transient temperature, while the solar absorption for the two states 

is over 0.35, which is too high to realize an efficient thermal management. Figure 5.12 (b) show the 

influence of different feature size and gap distance between the adjoint VO2 square metasurface 

on the α. It is clear seen that the α will be significantly suppressed by patterning the continuous VO2 

film into metasurface compared with the planar VO2 film. Besides, the α value will be decreased 

with the scale down the feature size of the VO2 metasurface and decrease to below 0.2 when the 

gap is 1.5 µm and the feature size is 1.5 µm (filling ratio=25%), and the change of the α is related to 

the VO2 coverage.  

Table 5.4 Design parameters for the DBR, the unit for the wavelength and thickness is nanometre 

(nm). 

Target 

Wavelength 

# of 

pairs ZnS CaF2 

ZnS 

Thickness 

CaF2 

Thickness 

Band 

width 

Wavelength 

start point 

Wavelength 

end point 

400 4 2.55 1.43 39.2 69.9 145.3 327.4 472.6 

600 4 2.37 1.43 63.3 104.9 191.0 504.5 695.5 

900 4 2.3 1.43 97.8 157.3 269.8 765.1 1034.9 

1200 4 2.28 1.43 131.6 209.8 353.2 1023.4 1376.6 

Figure 5.12 (b) shows the change of ε with different feature size and gap distance, the ε at cold 

state remains constant around 0.03 for both the planar film and patterned VO2 metasurface, which 

is because the low extinction coefficient of VO2 at dielectric (monoclinic) state. For the hot state of 

the VO2 metasurface, the FP cavity is generated between the metallic VO2 and Al reflector and 

enhancing the overall infrared absorption. The ε values decrease after patterning and the 

metasurface of larger gap distance has lower ε, which is also associated with decreased VO2 

coverage and results in a lower absorption. The Δε is calculated by using ε at hot state (εhighT, T=80 °C) 

minus the ε at hot state (εlowT, T=30 °C). It should be noted that there is a trade-off between the α 

and Δε as observed in Figure 5.12 (b) and (d), the lower of the α and the lower of the Δε, which is 

because the low VO2 coverage will have a negative impact on the infrared absorption.  

The α is still relatively high after decrease of the VO2 thickness and coverage, and the deduction of 

α by using these two methods will have a negative impact on the emissivity tunability Δε. To achieve 

a lower α and keep a good infrared emissivity tunability Δε, the third way is to put a selective filter 

on top of the device and just let the mid-infrared electromagnetic wave incident to the VO2 based 
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device. Prof. Shanhui Fan group from Stanford applied the 11 alternating layers of Ge and MgF2 

selective filter above the VO2 based FP cavity, this filter was almost transparent in the mid-infrared 

but will not let the light from visible to NIR pass through [148]. However, the problem for this filter 

is the visible to NIR lights are absorbed by the filter instead of reflecting. The most promising 

solution is to design a type of optical filter which has high reflectance over the solar radiation range 

and keeps high transmittance over the mid-infrared. However, the optical filter has this type of 

broadband reflectance at solar radiation range is very hard to achieve, and the properly selecting 

the materials combination is not easy to get the desired optical filter.  

 

Figure 5.13 (a) Schematics of VO2 planar film on CaF2 on Al Radiative Cooler at different temperature 

(b) Schematics of VO2 planar film on CaF2 on Al Radiative Cooler with a stack of 

Distributed Bragg Reflector on top at different temperature (c) Structure of Distributed 

Bragg Reflector (d) α and Δε with and without DBR, the top blue lines refer to the Δε, 

and the bottom four red lines with square/star refer to the Alpha α value with and 

without presence of DBR. 

The Distributed Bragg Reflector (DBR) is the one-dimensional multilayer photonic crystals and made 

of alternating two (or more) materials with varying optical refractive index [162, 163]. The DBR will 
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act as a good optical reflector for those electromagnetic wave vacuum wavelengths close to 4 times 

optical thickness of the layers due to the construction interference from many reflections. The 

range of reflecting wavelength is called photonics stopband, which means the EM wave within the 

stopband will be reflected and will not pass through the DBR. However, the traditional DBR is 

limited to narrow band reflector and cannot cover the whole solar radiation range, and some of the 

materials for the DBR like SiO2 will cause a high absorption in the mid-infrared, which will have a 

negative effect on the emissivity tunability. For designing a DBR for adaptive radiative cooling 

device, the materials selected should meet the following criterial, firstly, those materials should 

have low extinction coefficient over atmospheric window for getting a high emissivity contrast, 

secondly, the real refractive index difference should be high for decreasing the total thickness of 

DBR.    

 

Figure 5.14 Absorption spectrum of 15 nm VO2 planar film on 1700 nm CaF2 on 100 nm Al Smart 

Radiative Cooler (a) without DBR(Δε=0.77) (b) With DBR (Δε=0.76) Absorption 

spectrum of 30 nm VO2 planar film on 1605 nm CaF2 on 100 nm Al Smart Radiative 

Cooler (c) without DBR (Δε=0.64) (d) With DBR (Δε=0.71)  

Figure 5.13 (a) and (b) show the schematics of VO2 based thermal emissivity tunable devices with 

and without DBR, the purpose of introduction of DBR is to efficiently suppress the α while lets the 

mid-infared EM waves passe through. The DBR is made of 32 layers of CaF2 and ZnS with the design 

parameter shown in the Table 5.4 and Figure 5.13 (c), which could efficiently reflect the incoming 
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solar light from 327.4 to 1376.6 nm. Figure 5.13 (d) shows the α and Δε value with and without DBR, 

the α is suppressed to lower than 0.1 for both the 80 C and 30 C VO2 devices, which could realize 

an efficient thermal management. Concerning the Δε after applying the DBR, Δε decreases with the 

increase of the VO2 thickness over 20 nm. 

 

Figure 5.15 Spectrum of optimized Distributed Bragg Reflector with total thickness 1602 nm  

Figure 5.14 (a) and (b) present the absorption spectrum for the 15 nm VO2 planar film on 1700 nm 

CaF2 on 100 nm Al tunable device before and after applying the DBR, it is clear that the solar 

absorption is well suppressed by the DBR, with Δε=0.77. Figure 5.14 (c) and (d) show a thicker 35 

nm VO2 film on 1605 nm CaF2 on 100 nm Al, with αhighT=0.1 and Δε=0.71.  

Table 5.5 Design of broadband Distributed Bragg Reflector with high infrared transparency 

# Layer 1 2 3 4 5 6 7 8 9 10 

Material ZnS MgF2 ZnS MgF2 ZnS MgF2 ZnS MgF2 ZnS MgF2 

Thickness(nm) 45.8 115.6 47.4 112.4 42.9 92.6 52.1 78.0 104.3 90.4 

# Layer 11 12 13 14 15 16 17 18 19 20 

Material ZnS MgF2 ZnS MgF2 ZnS MgF2 ZnS MgF2 ZnS MgF2 

Thickness(nm) 48.2 56.2 38.1 59.7 81.3 89.2 72.1 130.3 93.3 90.7 

# Layer 21 22         

Material ZnS MgF2         

Thickness(nm) 61.4 31.9         
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However, the total thickness for this manually designed DBR is 3492 nm, which is too thick and 

difficult to fabricate. Some of the work has been done by using advanced algorithm to design the 

DBR. Oniriode etc, applied the particle swarm optimization to design GaN subwavelength grating 

for getting two band reflectance at two centre wavelengths at visible range 500 nm and 

telecommunication wavelength 1550 nm [164]. However, the effective reflectance ranges are 

constrained near this two centre wavelength. Here, to prove the versatile of the GA, a DBR with 

high reflectance over the visible and high transmittance at the atmospheric window 8-13 µm is 

designed. The optimized goal is to reflect the visible range (380-780 nm, where takes 50% of the 

solar energy), and as well as keep high infrared transmittance over the 8-13 µm. The design 

parameter is shown in Table 5, which is consisting of 22 alternating layers of ZnS and MgF2. The 

total thickness of the DBR is just 1602 nm, and the reflectance over the visible range is Rvisible= 96.1% 

and the transmittance over 8-13 µm is Tinfrared= 85.2%. 

5.5.3 Design of VO2 based negative differential thermal emissivity device 

For the optimization of the VO2 based negative differential thermal emissivity device, just like the 

positive differential thermal emissivity device, the basic structure is based on the FP cavity, instead 

of using only one layer of dielectric, the device here is replacing the one layer of dielectric with a 

stack. The thickness of the top VO2 film is fixed at 150 nm for maximizing the reflectance above the 

transient temperature, so that to get a low absorption at high temperature. Figure 5.16 (b) shows 

the absorption spectrum for device, and the device owns high absorption/emissivity at low 

temperature and low absorption/emissivity at high temperature, and achieves negative differential 

thermal emissivity Δε=0.57, which can beat the current best performance negative differential 

thermal emissivity device. This device has the potential application on the adaptive infrared 

camouflage. 

Figure 5.16 (c) and (d) show the absorption contribution from each layer. For the VO2 below 

transient temperature and at monoclinic phase, the VO2 behaves like a dielectric and is quite 

transparent in the 8-13 µm. The high absorption mainly comes from the underneath 7 layer of SiN 

and SiO2, which is acting as a radiative cooler for providing a high emissivity. For the VO2 above 

transient temperature and at rutile phase, the 150 nm VO2 behaves like a good infrared mirror, and 

the absorption from the underneath radiative cooler will not pass through the VO2. The VO2 show 

a high reflectance and low absorption, the 20% absorption over the 8-13 µm is mostly coming from 

the intrinsic absorption of VO2 itself. So that the negative differential emissivity device can be 

achieved. 



Chapter 5 

81 

 

Figure 5.16 (a) Layer thickness of 150 nm VO2 based infrared tunable device at different 

temperature (b) Absorption spectrum at low (30 °C) and high temperature (80 °C) 

respectively. Absorption contribution of each layer for the (c) Monoclinic VO2 and (d) 

Rutile VO2 

 

5.6 Conclusion 

In this chapter, the genetic algorithm was successfully applied for the optimization of various 

infrared photonics device. For the passive radiative cooling device, the reflective Radiative Cooler 

with the low solar absorption (α=0.081) and high infrared emissivity (ε=0.767, 8-13 µm) was 

designed and one-go fabricated, the structure is based on the 8 alternating layers of SiO2 and SiN 

on Al mirror, the reason for the high emissivity in the infrared is from the high extinction coefficient 

of SiO2 and SiN between 8 to 13 µm. Besides, the design of thin film Optical Solar Reflector (OSR) 

for radiative cooling of spacecraft were proposed, the OSR is made of 18 layers of SiO2, SiN and 
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Ta2O5 on Al with thermal optical properties α=0.071 and ε=0.767 (2.5-25 µm), the high absorption 

over 13 µm of OSR is due to the high extinction coefficient of Ta2O5.  

Two infrared emissivity tunable devices were also reported. The VO2 based positive differential 

emissivity device with Δε>0.8 was designed and analysed, for supressing the α of VO2, the 

Distributed Bragg Reflector (DBR) was introduced, which could decrease the α down to 0.1 and 

Δε=0.75 by using the manually designed DBR, which would be useful for the switchable radiative 

cooling device. Moreover, the DBR is also optimised by Genetic Algorithms for broadband high 

reflection in the visible, high infrared transmittance and thinner total thickness, with Rvisible= 96.1%, 

Tinfrared= 85.2% (8-13 µm) and total thickness=1602 nm. Finally, the VO2 based negative differential 

emissivity device was demonstrated with Δε=0.57, which is promising for the self-adaptive infrared 

camouflage applications. Overall, the Genetic Algorithm is a very useful and powerful tool for thin 

film optics application. 
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Chapter 6 /ƻƴŎƭǳǎƛƻƴ ŀƴŘ ƻǳǘƭƻƻƪ 

6.1 Thesis Conclusion 

The goal for this thesis is to design, fabricate, analyse, and optimize metal oxide based plasmonic 

metamaterials for the applications on the infrared spectroscopy and thermal management. The 

first two chapters discussed about the background, design, fabrication, characterization and 

optimization for the infrared optical devices. Chapter 3, 4 and 5 are the experimental parts. Chapter 

3 proposed a new Oxygen plasma patterning technique for metasurface and demonstrated this 

patterning method could get almost consistent absorption spectrum as the traditional etched 

metasurface while keeping the surface flat and invisible to human eye. Chapter 4 designed, 

fabricated and characterized two different visually transparent thermal emitter which could be 

applied for the passive and self-adaptive thermal radiation while keeping the high visible 

transparency, the AZO based thermal emitter shows 70% visible transparency and =0.8 infrared 

emissivity, and the VO2 based thermal emitter shows 71% improvement of solar transmittance 

(reaching 62% solar transmittance) and =0.26 infrared emissivity contrast after patterning the 

VO2 bulk film into the metasurface.  Chapter 5 combines the genetic algorithm and the transfer 

matrix methods for the optimization of optical devices, several optical devices based on multilayer 

structures are demonstrated. The reflective Radiative Cooler (RL) and the Optical Solar Reflector 

(OSR) were optimised and fabricated, the RL shows thermal-optical properties α=0.081 and ε=0.767 

(8-13 µm) while thin film OSR shows α=0.16 and ε=0.70 (2.5-25 µm), the as fabricated thin film OSR 

shows a comparable thermal optical property as the metasurface-based OSR (α=0.16 and ε=0.79) 

and the one-go manufacture ability of the thin film OSR is much more promising for the low-cost 

(without lithography involved) and large-scale manufacture capability for the future thermal 

control of the spacecraft. Besides, two VO2 based infrared emissivity tunable devices were 

proposed with the goals for maximizing the emissivity contrast and shows infrared emissivity 

tunability >0.8 for the positive differential emissivity device and =0.57 for negative differential 

emissivity device. The aforementioned different infrared optical devices prove the robust and 

versatility of applying the GA for the optimization of the thin film optical devices. 

6.1.1 Simulation and optimization of optical devices 

In the Chapter 4, the Lumerical FDTD solutions was used for the device simulation and optimization. 

The structure is based on the Salisbury Screen, which is made of a dielectric SiO2 layer sandwiched 

by top metal oxide layer (AZO or VO2) and bottom visible transparent AZO layer. The optimization 
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routine can be described below: Firstly, the material for each layer of the stack was carefully 

selected according to the principle of the Salisbury Screen, the high carrier density AZO was used 

for the bottom reflector and top metallic layer for its high visible transparency and high infrared 

reflectivity, and the SiO2 was selected for the dielectric layer because of its close to zero extinction 

coefficient in the visible and strong phonon-polariton resonance in the mid-infrared range, besides, 

the CMOS compatibility and easy/stable deposition method make SiO2 as a good candidate for the 

dielectric layer. Secondly, the thickness of each layer of AZO/ SiO2 /AZO stack should be determined, 

the SiO2 could be calculated by the Equation 4.4 and the thickness of the top and bottom AZO layers 

were optimized by utilising the sweeping function in the FDTD solutions. Then, the dimension 

(width and gap) of the top AZO metasurface were also optimized by the sweeping function for 

enhancing the infrared emissivity with plasmonic resonance. Finally, the ideal candidates with good 

thermal optical properties were selected for fabrication.  

The developed simulation and optimization routine was utilised for the thermal emitter design with 

aim of high visible transparency and high infrared emissivity (or emissivity contrast). And the 

impetus for the device optimization is developing from an already known physical effect or 

mechanism (like Salisbury Screen and FP cavity), the highest infrared emissivity and visible 

transparency could be matched by changing the few sets of the design parameters (material, 

thickness, and structure). This routine has been applied for a lot of device optimization and 

provided researcher with a widely exploited library database. However, this prototypical method 

has primarily relied on the intuition-based ways, which is difficult to apply for achieving the best 

performance of the devices, besides this method is also facing a challenge of the gradually 

increasing complexity as the scope of the optical devices are developing to the broadband or 

multifunctional applications. Thanks to the advent of the advanced algorithm in the computer 

science area, applying those advanced algorithm for the optical devices optimization becomes 

feasible and can significantly increase the freedom of design and boost the design efficiency. In 

Chapter 5, the nature inspired Genetic Algorithm (GA) was combined with the Transfer Matrix 

Method (TMM) for the optimization of thin film multiple-spectral infrared optical devices. The GA 

is responsible for the generating a set of chromosomes (with different thicknesses and materials 

combinations) and evaluating the best offspring for the next generation optimization and the TMM 

is used to calculate the corresponding the optical properties (Reflectance, Transmittance and 

Absorbance) and send back to GA for the evaluation process, only the chromosomes with highest 

Figure of Merit (FOM) will be selected and passed on to the next generation. The FOM could be 

defined separately for different optical device with desired optical properties like Maximum , 

Maximum , Maximum /  or Maximum visible reflectance, because of the design freedom of the 

FOM, the multiple-spectrum optimization could be achieved. The GA is helpful for the discovery of 
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optimum structure in instances compared with the traditional experience-based and intuition-

based strategies. Besides the optimization of the Radiative Cooler, OSR and VO2 based infrared 

emissivity tunable devices, we have also successfully demonstrated the utilization of GA and TMM 

for the Distributed Bragg Reflector design with broadband visible reflectance and high infrared 

transparency and achieved 96.1% visible reflectance, and 85.2% infrared transmittance (8-13 µm), 

besides, the total thickness was constrained to 1602 nm by setting the maximum thickness for each 

layer. All of the examples show in the Chapter 5 prove the huge potential of the Machine Learning 

for the photonics design.  

6.1.2 Device fabrication and characterization 

Proposing a good photonics design is the first step for getting a photonic device. The fabrication 

and optical characterization were done for the etched metareflector, plasma patterned 

metarefelctor, AZO and VO2 based visually transparent thermal emitter, Radiative Cooler and OSR. 

In Chapiter 3, we proved the optical properties of AZO could be strongly tuned by exposure to 

oxygen plasma and the modulation could reach 5 orders of magnitude verified by electrical and 

optical characterization (Hall Measurement and Ellipsometry). The plasma patterning technique 

was demonstrated to locally modulate the AZO carrier concentration without resulting in a 

topographical profile, which was verified by AFM, SEM and FTIR. The etched metamaterial based 

OSR (meta-OSR) and the plasma patterned meta-OSR were fabricated through the materials 

deposition, E-beam exposure and etching process, the device fabrication involves several 

equipment including ALD, PECVD, EBL, Spinner and RIE. This two meta-OSR devices show equivalent 

optical absorption spectra which proves this patterning technique can be a new method for forming 

the novel photonic devices through selective modulation of the optical property of AZO, with 

potential applications on the optical labelling and anti-counterfeiting. The fabrication of the AZO 

and VO2 based visually transparent thermal emitter follows the same process. The difference is that 

the device would be possibly exposed out of focus in EBL system due to its high visible transparency, 

which could be avoided by notifying the technician before the exposure task.   

Due to the high complexity and cost of the device fabrication for the patterned structure, the 

multilayer structure is considered in the Chapter 5. The GA and TMM were used for the design of 

the infrared optical devices, we successfully one-go fabricated the Radiative Cooler and OSR with 

the industrial-level Helios Sputter system, which does not involve in the complicated lithography 

process or changing the equipment during the whole device fabrication, so that the film quality is 

ensured without breaking the vacuum between each layer. The fabrication cost and time could be 

significantly reduced compared with the patterned structure. Once the deposition rate, the 

refractive index of the film and the recipe are fixed, the device fabrication could be finished in 
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several hour by just using one equipment the Helios Sputter. The successfully demonstration of the 

fabrication OSR paves the way for the large-scale manufacture of the radiative cooling film for the 

spacecraft.   

6.2 Outlook 

The field of the plasmonic metamaterial is growing rapidly in the last several decades and a lot of 

new research directions were explored recently. Radiative Cooling, as one of the new thermal 

regulation methods which was experimentally demonstrated in 2014 by Prof. Shanhui Fan’s group, 

has attracted a lot of research interests. Unlike most of the researchers in the area of radiative 

cooling, most of the optical devices we proposed in this thesis are for the space applications instead 

of for the terrestrial application, the cost and durability must be considered for the design and 

manufacture of the radiative cooling film for the spacecraft or satellite. Due to the dramatically 

temperature change during the day and the night, currently, a lot of researchers are putting their 

efforts on the dynamic thermal regulation functions. This part will briefly describe the possible 

further research directions for the smart thermal regulation (smart radiative cooling film) that we 

could explore, so that pushing our research into reality or commercialization. Besides, the idea of 

smart cooler for terrestrial will be presented. 

6.2.1 The vision for the practical application of the smart radiative cooling 

 

Figure 6.1 Vision for pushing the practical application of the smart radiative cooling film 

As shown in Figure 6.1, the practical application of the smart radiative cooling film could be further 

achieved by considering following four parts, new materials, new methods, new technologies and 

new structures. For the new materials part, beside the VO2, other materials like PEDOT:Sulf (poly 
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3,4-ethylenedioxythiophene:sulfate) [165] and PNIPAM (Poly(N-isopropylacrylamide)) [166] are 

promising for the smart radiative cooling. For the new methods part, machine learning, deep neural 

network and other advanced algorithm could be combined with photonic device design. For the 

new technologies part, some advanced fabrication technology like nanoimprint, sputter, and Roll-

to-Roll printing could decrease the fabrication cost. For the new structures part, some metasurface 

structures and other simple structures with higher emissivity and lower solar absorption designed 

by machine learning could be adopted. The smart radiative cooling film could be applied on 

terrestrial and extra-terrestrial, while the film should meet different criterial. For the terrestrial 

application, cost and the performance are the biggest concerns during the materials selection and 

design, the potential applications including for the building, vehicles, agriculture, wearable 

products and electronics devices. While for the extra-terrestrial or space application, the durability, 

flexibility, tunability and weight should be considered, with potential applications on the 

satellite/spacecraft and commercial aerospace.  Furthermore, the multi-functionality is also 

necessary for some applications like integrating with infrared camouflage function [129].  

6.2.2 Smart cooler for terrestrial application 

 

Figure 6.2 Schematic of Smart Cooler as an example to apply on the building for energy saving 

purpose.  



Chapter 6 

88 

We have demonstrated the smart radiative cooling in our previous work [145], which is for the 

space application. The idea of thermochromic VO2 microsphere based smart radiative cooling film 

(called smart cooler) for the terrestrial application will be shown here.  

The Smart Cooler is a radically new type of thermal management film for terrestrial applications, 

like buildings, vehicles, and agriculture, which combines self-adaptive thermal emissivity and high 

solar reflectivity. The smart cooler is a dual-mode film, hot mode with high cooling power under 

the sunlight to lower the temperature and cold mode with less cooing power during the night or in 

the shade to avoid overcooling. The Smart Cooler owns the advantages of low cost, flexibility, user-

friendly, energy free and high cooling power contrast in different temperature, which is an ideal 

product for maintaining human thermal comfort and energy-saving purposes. Figure 6.2 shows the 

schematic of Smart Cooler. During the day, the smart cooler has a high cooling power to dissipate 

the heat inside the house to outer space through radiative cooling and keep the house cool. During 

the night, the smart cooler has a low cooling power to avoid overcooling of the house. 

 

Figure 6.3 Schematic of dual-model Smart Cooler film.  

 Inspired by the work of Roll-to-Roll manufacture of the SiO2 microspheres based radiative cooling 

film [100], the smart cooler could be possibly fabricated through the same methods, as shown in 

the Figure 6.3, Tungsten-doped VO2 microparticles (with transition temperature near room 

temperature) are randomly distributed into a visibly transparent polymer and then manufactured 

by Roll-to-Roll processing (a low-cost processing way for large-scale manufacture ability). When the 

temperature is above the transition temperature of VO2 Figure 6.3 (left), it has a strong phonon 

resonance and causes high thermal emissivity (high cooling power), while the temperature is lower 

than the transition temperature Figure 6.3 (right), the thermal emissivity keeps low with low cooling 

power. For the solar radiation, the smart cooler is backed with a metal reflector and could reflect 

all the solar light for avoiding the solar heating during the day. Owing to the flexibility of the film 
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substrate, the smart cooler film could be easily applied for building, vehicle, or roof of greenhouse 

through glued the film on the surface. Due to the thermochromic properties of Tungsten-doped 

VO2, there is no need for energy input for enabling the smart cooler film. The high contrast of the 

cooling power above or below the transition temperature and the low solar absorption could be 

possibly achieved through properly selecting the size and composition of the Tungsten-doped VO2 

microparticles.   

A lot of researchers say ‘The twenty-first century is the century for optoelectronics’. There are a lot 

of interesting area to further investigate in the photonics, and the commercial products about the 

radiative cooling and thermal regulation devices will come into the market with the collaboration 

between the materials scientist, optical designer, and fabrication experts. Our life will be changed 

with the development of the photonic devices, and hope the work of this thesis could make some 

contributions.      
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