HJNIVERSITY OF

Southampton

University of Southampton Research Repository

Copyright © and Moral Rights for this thesis and, where applicable, any accompanying data are
retained by the author and/or other copyright owners. A copy can be downloaded for personal
non-commercial research or study, without prior permission or chafdps thesis and the
accompanying data cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the copyright holder/s. The content of the thesis and accompanying
research data (where applicable) must not be chanigeahy way or sold commercially in any

format or medium without the formal permission of the copyright holder/s.

When referring to this thesis and any accompanying data, full bibliographic details must be given,

e.g.

ThesisWeiXiao(2022 "Metal-oxideplasmonic metamaterialfor infrared spectroscopy and
thermal managemerit University of Southamptorkaculty of Engineering and Physical Sciences
PhD Thesis.






University of Southampton

Faculty ofEngineering ané@hysical Sciense

School of Physics and Astronomy

aSiPEAMREAYAaFAIOY I aTSNIFING{NES & N2 & O
I VEKSNMEYFISYSy

by

Wei Xiao
Supervisors: Prof. Otto L. Muskens

Prof. CH Kees de Groot
Dr. Kai Sun

ORCID ID000-000238981110

Thesis for the degree @octor of Philosophy

April 2022


https://www.southampton.ac.uk/
https://orcid.org/0000-0002-3898-1110




University of Southampton

Abstract

Faculty of Engineering and Physical Sciences
School of Physics and Astronomy

Thesis for the degree Bloctor ofPhilosophy

Metal-oxide plasmonic metamaterizl
for infrared spectroscopy and thermal management
by Wei Xiao
The control and manipulation of the optical properties of plasmonic metamasaneale
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 devisés limited byalack of tunability once fabricated due
the intrinsic properties of conventional plasmonic matesislich as Silver and Gold. One of
the promising research interests is to utilize tunable matstiké metal oxides, which play
a particularlyimportant rolein the manipulationof electromagnetic radiatioffor infrared
spectroscopy and thermal management. In this thesis, a new patterning technic based on
Aluminiumdoped Zinc Oxide (AZO) was investigataa] the AZGbased planar Optical
Solar Reflecto{OSR)Yevice was designedabricated, andcharacterized Results were
compared with conventional physically etched O®Rere it was found thathe plasma
patterning OSR has a flat surface which owns comparable the same optical response, better
mechanical propertiesand broader applications. Next, visually transparent thermal
emitters based on AZO and phase change materialWé&@e also proposetb achievehigh
transmittance irthe visible range and high thermal emissivity for radiative cooling purpose.
For the goal of largecalemanufactuing of thermal management radiative cooling fém
for both terrestrial and spaceapplicatiors, a new radiative cooler structure wagsigned
and fabricatedwith the help of Genetic Algorithm (GA) To provethe versatiity and
robustnessof the developed @, the GAwas also applied fahe optimizatiors of two VO
-basedinfrared emissivity tunable device (positive and negative differential emissivity
devices) to maximiz the emissivity contrast, anthe optimization ofDistributed Bragg

Reflector optimization with broadband visible reflectance and high infrared transparency
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Chapterl1 LYUGNRRdzOGA2Y

With the rapid development of science and technology, the demand and application for
ultracompact and active controlledangphotonicand plasmonidevices are of great importance
owingto their advantages of low cost, high integration level and tunaljilityin the last decades,
scientists around the worldaveconducted a lot of research on plasmonic structures for their light
confinement capabilities in subwavelgih scale, leadinghe applications in optical imaging],
sensing systes|3], surfaceenhanced microscop], and metamateriadand perfect absorbes[5,

6]. Howerer, mosttraditional plasmonic devices arharacterised by &ck 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 tlveny high plasmon
frequency as compared to doped semiconductors and doped metal oxides which have plasmon
frequencies in the neainfrared to terahertz rang¢7]. One promising researdlirectionis aimed

to enablenew types ofdevices with a tunability in infrared spectroscopsing such alternative

plasmonic materialfg].

Next to the issue of materials there is an interest in the design aspects of nanodevices. For many
years, thedesignof plasmonicdevicehas reliedo n t he r e s e ar ant iatuitiorsande x p e
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 ply 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
manipulae the properties of the optical devices for infrared thermal radiation control and overall
thermal management. Passive and sadfaptive infrared thermal radiation devices can be applied
for different application scenarios. The design of these device®léded 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 #@itdréace between a
metal and dielectric and it will lead to the strong electromagnetic field enhancement with a scale
below the diffraction limif9]. Recently, plasmonic nanophotoelectronic systems and devices, such
as perfect absorber Is#d on noble metals, have drawn lots of attentions for their strong

electromagnetic field enhancements, excellent light localization and high compatibility with

1
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photoelectronic integrated circustetc [10] [11]. Plasmonics isneexcellentway 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 nanostructuregl2] [13]. Most plasmonic nanostructures are composed of -sub
wavelengthsized metal or dielectric components and exhibit some exotic electromagnetic
response which cannot be found in nature, and this type of structure is damstamaterial.
Metamaterials have &en extensively investigated for their applicatiomsnegative refraction,
invisible cloaking,and perfect absorbey[14-17]. Among these applications, the metamaterial
based perfect absorber has gaingetat attention for its promising applications in thermal emitters,
infrared detectors, and radar stealth[18-20]. In 2008, Prof . Padilla"s gr
demonstrated the metamaterial perfect absorber with 96% absorption at the gigahertz frequency
[21]. Thereafter, a series of pexdkeabsorbers have been demonstrated based on various physical
mechanisms such as impedance matching, cavity mode resonance, localized surface plasmon

resonance and guidechode resonanc§22-25].

One specific type of structure used for metamaterial perfect absorber is NietalatorMetal

(MIM) structure or Salisbury scre¢®6]. 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 containdeswhich 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 FabrPérot resonances due to the optical interfererj28]. The mehanism 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 layard 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@L86f face otthe
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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(a) (b)

Figurel.1l Schematic structure of (a) the metalsulatormetal structure and (b) patterned

metasurface

However, the MIM structure can only enhance a narrow bandwidth absorption near the central
resonance wavelength and some discretesarption peaks. The absorption can be further
improved and broadeed by forming a metasurface made of an array of plasmonic nanostructure
with subwavelength dimensi@ Metasurfaces can be used in manipulating the amplitude, phase
and polarization propeies of the incident lighf29] [30]. The merit of replacing the tolpulk layer

with a densearray of plasmonics nanostructure is to match the impedance through proper
structure design and reduce the transmittance by increasing the optical loss and electromagnetic

wave localizatiori31].

Most patterned structures are formed by a lithography and etching process. The science behind the
patterning is that the patterned structure hascomplex 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 Chapgs, 33]

1.2 Infrared spectroscopy and thermal radiation

Infrared spectroscopy is a typd analytical technology which can measure the interaction of
electromagnetic radiation with matter in the infrared range. Infrared spectroscopy includes a wide
spectral range, and itan be divided into three different regions including neamid- and far
infrared based on their different relations to the visible range. The ‘n&@sared approximately
from 140004000 cm' corresponding to wavelength from B85 um, has higher energy among
infrared due to higher frequency, which enables its ability to excite harmonic vibsafldre mid
infrared from 4000400 cn, corresponding to wavelength from 225 pum is common used to

verify the fundamental vibration and rot@inalvibrational structure. The fanfrared from 400 to
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10 cm? corresponding to wavelength from 2B)00 um has lower energy, which is used on
rotational spectroscopy[34]. Among the spectral range the midinfrared range profoundly
influences daily life, which contains the molecular fingerprint for distinguishing the compounds and
includes atmospheric thermal radiation window-18 um) and the thermal radiatiorfor most
objects on earth, which igssentialfor the applications like sensing, imaging, camouflage and

thermal managemenf35, 36]

Thermal radiation is a universal pl@nenon. 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, thernmmatliation plays an important role on temperature
regulation. According to the Stephdoltzmann law, the thermal radiation powed of the
surface ofan object at temperatureYis proportional to the emissivity and the fourth power"af

as shown in the Equation 1.1,
o -,’Y (1.2
where- denotes the surface emissivity of the object and this the StephafBoltzmann consint.

Thus, there are two ways for the thermal radiation power regulation including the control of the
emissivity- and the temperaturé’Y While the power consumption for the heating and cooling of

the object is relatively high and hard to control, codliray 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

laccordingg t he Pl anck’s | aw, and can be expressed

o _AY 0 _AyQ_

(1.2)

where_ and_ denotes the wavelength range, which is normally from215to 25um, 6 _R'Y
represents absorptance at temperatui¥and wavelength_and0 _H'Y represents the radiation

power at temperature Yand wavelength .

Mid-infrared absorptance can be measured using an Infrared spectrometer (Absorplaeicg
defined asl-Reflectancelransmittance). The most common instrument used in the lab to collect
the infrared spectroscopy is called Fourimansform infrared (FTIR) spectroscopyhich could
measure a wide range of wavelengtf400-10000 cm') at a time comparedo a dispersive

spectrometer this techniquewill be introduced in Chapter 2.

by
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1.3 Plasmonic materials and applications

Over the last decades, metallic nanostructures haveatieantage on enhancing the electric field
down tothe diffraction limit due to excitation of localized surface plasmons (LSPs). Gold is the most
widely used noble metal in plasmonics due to its plasmonic resonancetbaatisible rang¢37].
Besides, other noble metals such as silver (Ag) and copper (Cu) have also been widely investigatec
due to their excellent plasmon responses in visible light regi@8]. Excepfor these noble metals,
Aluminiumis also investigated for its advantagekhigher luminescence efficiency and better
radiator in the near Ultraviolet (UV)visible range, while a few nanomes#hick native oxide and
intraband transition in neatR influences its plasmonic properties and limits its application on
sensing[37] [39]. Theabove metals act as main plasmonics building blocks in the last decades.
However, the plasmonic and metasurface devices are developing towardsfumdtionality and
tunability. The multfunctionality could be achieved through changing the device cor#tguns 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 radiativelang 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 ld&siiirared andthe

lack of tunabilityof the noble metas [10] [40]. Here, two metal oxidebased plasmonic materials

are used in this thesis, including Aluminigimped Zinc Oxide (AZO) and Vanadium Dioxide)(VO
and the optical properties of these two materials could be tuned according to external s$incbli

as temperdure, voltage or optical excitation

1.3.1 Aluminium-doped Zinc Oxides

Recently, some alternative materials for plasmonics have been investigated, including doped
semiconductors [41], graphendlike two-dimensional (2D) material42], and Transparent
Conductive Oxidegl3], because they have demonstrated outstanding plasmonics ptestponse

in abroader spectral rangencluding infrared and terahertz rangandthose materialsaalso 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 plasmaA@.) and pressur@d4] [45]. Among these alterriare materials,
Transparent Conductive Oxides (TCOs) are promising for their geodrnd@ctivity in electronis,

high transparency and low loss in optics and good compatibility in complementary-oxata!
semiconductor (CMOS) electronic dewiceand theefore TCOs have been widely used as

transparent electrodes e.gpanel display and solar cell46] [47]. Besides, TCOs have been

5
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developed as a useful material in ultrafast switchable medium and high nonlinp#8]tj49] [50].
The transition wavelengtof TCOgswhich is also called epsilarearzero (ENZ)s because of very
small electric permittivity causing the optical properties from dielectric to metallic response,

enhanced nonlinearities and resonance shift will occur in this special ENE [&4ji[52].

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

is controlled by the carrier density:

I (1.3)

The electrical permittivity of the material is determined by the background dielectric consgant

the plasma frequency and the scattering constat, the other two parameters are given pij:

(1.4)

| 7 and 3 _

Where N is the carrier concentratiorm* is the effective electron massy is the permittivity of

vacuum eis the electron charge arwlis the electron mobility.

The carrier concentration of TCOs with a very thin layer corresponding to the electronic screening
length (order Ds nm) can be tuned through changing different doping during deposition and
applying bias afterwar@53]. The carrierconcentration of semiconductor will greatly affect the
optical properties, compad with noble metals with high carrier concentration (around?400%

cn®) which causes the plasmonic resonance mainly for shorter wavelength, TCOs owns dielectric
responsein the visible range and the ENZ region is located at fiefaared and middlénfrared

which enables the plasmonibehaviour of TCOs exhibiting in infrared spectra ranget].
Conventional semiconductors with doping levels of abouf i® 10" cm2do not display metallic
optical properties in the nealR The carrier concentration of TCO can be adjusted froff tb010?

with different doping concentratiog) which enables TCO as a good candidate in the-ireand

mid-IR range by proper dopirj§5] [56].

Typical TCO materials are ITa{um-dopedTinOxide) and AZO (Aluminiudoped Zinc Oxide). In
the literature both are used, here we are using Aluminidaped Zinc Oxide (AZO) since AZO
possesses more advantages than ITO, including lowmoase abundant in earth cris Nontoxicity
(indium andtin are harmfulto immune system), high stability (ITO is easily to be oxidised), lower
electrical resistivity and higher transmittanf®7]. Besidesas we show in this thesifie carrier
concentration of the AZO carelposttreated by oxygen plasmeesultiing in over oneorder of
magnitude changén carrier densityfrom several times10?° to <10*°cm®, which enabls AZO as a

good candidate in our research. AZO can be formed through various deposition techniques, e.g.
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pulsedlaser deposition, RF sputtering, chemical vapor depositiongaoland atomic layer
deposition (ALD). Among these techniques, the ALD prosegeeferable for its lower process
temperature, excellent uniformity, accurate thickness control as well as high reproducibility owning
to its surfacesaturated and selfimiting reaction mechanism. More importdgt the Al content in

ZnO can be uniformlgind accurately controlled through the ratio control 0$@d cyclesand 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 inputMaterialsshowing phase transitiorikke VQ or phase change materials
(PCMs) like some chalcogenide glasaes the most common @terial with smart switching
behaviour due to their structuradr electronicphase transition. Compared to PEMWQ shows a
volatile (norpermanent) phase transition with &ansition temperature nearest to theoom

temperature which is associated wittiramatic change of optical and electrical properties.

monoclinic a, T<T,|rutle c T>T.
insulator ¥ metal b'Vé|
Cm

Figure 1.2 Schematics of the insulatanonoclinic and metallicutile phases of Vg and the

corresponding bandgap in monoclinic phase (left) and rutile phase (f&#it)

VQ is a type of thermochromienaterial with a semiconductoito-metal transitionat a critical
temperature”Y=341K, which has gained extensive interest sgardy work in1959 by Morin60].

V(G exhibits dramatic changes in its electrical and optical properties, which shows a metallic
behaviour over the"Y and a dielectric response below thH&' . Moreover, the transition
temperature could be further reduced to room temperature through dopirtgoduction of W, Mo

or by patterning, so that V{has been applied on some applications like smart wirgfowenergy
efficient purpose due to its reflectance change in the near infrared rgg®61-64]. Furthermore,

the abrupt change of redictance of V@in the midinfrared 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 V@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 ¥hows different crystal structures and reversible phase change close
to the transition temperature’Y when it is at monoclinic (M) and rutile (R) phases. There are several
assumptions for the phase transition mechanism ob.\M@he assumption is that thetelectron of
Vanadium (V) atoms in the symmetrical structure combinih the \AV bonds in low symmetrical
structure during the phase change, and thé/Mocalized structure from the high temperature
delocalized phase leading to the insufatiproperty. However, other hypothesis consider the
metallic property above théY is because th&ermi level is between thé* band and theQsband

and the insulative property in M phase is because@@éand splits into two parts and results in a
gap betweerthe Qg band and’ * band where theFermi 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 descriptionwfexperimentalvork on the metal oxidebased
plasmonic metamaterials for infrared spectroscopy and thermal managemdrith is mainly
consising of two background chapters and three experimental chapters. Chappeovidessome
introductions of the fundamentalof plasmonis, metasurfacs, infrared spectroscopy and thermal
radiation, besides, the two main metal oxides materials AZO andifle introduced Chapter 2
introduces the material deposition and patterning tools for the fabrication of the optical devices,
such as the beam Evaporator, Atomic Layer Deposition (ALD), Sputter, Plasma Enhance Chemical
Vapor Deposition (PECVD) arbldam 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
TransferMatrix Methods (for the multilayer structure) and Lumerical FDTD (for metasurface

structure) are described.

Chapters & of this thesis form the maisimulation and experimentalesults of this project
Chapter 3 introducea new plasmdased patterning tehnique for forming an optical metasurface
without physical patterningThe plasma patterned metareflector and etched metareflector were
designedfabricated,and characterisedlhe resultingdevicesareshown to havea consistent broad
infrared absorptionspectrum,whereasthe surface of the plasma patterned metareflector is flat
and patterns areinvisible tothe human eye. In Chapter 4, two different transparent thermal

emitters based on AZO and ¥&re designed and fabricated, the AB@sed visually tragparent
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thermal emitter shows a high infrared thermal radiation and high visible transparent, and the VO
based visually transparent thermal emitter also display a relatively high visible transparency while
shows a 30% infrared emissivity tunability, whigpromising for the setidaptive radiative cooling

for the colored objectsFinally h Chapter 5a genetic algorithmis used for the multispectral
infrared optical device optimizatiornvolving thinfilm multilayer structures for radiative coolers

for terrestrial andspaceapplicatiors (also named Optical Solar Reflectofhe structuresare
optimised, fabricated, and characterized. These two radiative coolers both have low solar
absorption, and the terrestrial radiative cooler has high thermal radiation from 8 fani3vhile

the extraterrestrial Optical Solar Reflector shows broader thermal radiation over thenfrared
range. Besides, two \é@ased thermal emissivity tunable devices were designed thighgenetic
algorithmand analysedand the maximum infrared tunability sachieved for both the positive
and negative differential thermal emissivity deviceBhe final chapter concludes this thesis and

gives an outlook.
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The first part of this chapter will introduce several film deposition techniques and the ways for
patterning the nanostructures which are mainly done Egdam Lithography and Etching feorks

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 ixdéhin 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

Lumerial 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 impdant 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/nanostructurg¢6-70]. 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/electrdmeam evaporation or ion bobardment 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 theesourc
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.gevaporation 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 arBdam Lithography (EBL)eth
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-tagblution
nanostructures patterning down to stB0 nm. In this part, sae thin film deposition tools for the
devices fabrication in this thesis will be introduced, as well as theregiution EBL system and

patterning methods.
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2.1.1 Electron Beam Evaporation

Electron Beam Evaporation (EBE) is a type of Physical Maposition, and the target is thermally
evaporated with an electron beam from the tungsten filament. The evaporation processes are
performed at a pressure of 1x®0rorr or lower in order to ensure the mean distance between
collisions of vapour specieddmger 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 bedrehthad
deposition rate can yield from 0.1 to 1Q@n/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 contaminantertsure 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 thetethielectron beam is curved and
focussed onto the target material by a magnet assembly inside-tignkEand the electron beam is
injected into the target material via the controlling of electric and magnetic fields, and the kinetic
energy of the higkspead electron ionveried to thermalenergyand 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 worlaiBuhler 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 sputtezatodes 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
andcan 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 wateled cover, the cover includes

a magnetic system for increasing the plasma intensity.

Figue 2.1 shows how the sputtering system works for the deposition of the Aluminium film. The
energetic ions (Arre accelerated by an electric field, and then the target atoms are ejected from

to the solid target material to the substrate due to the bombarmby the energetic ions. After
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that, like the Ebeam 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 tteeptiag or
pre-cleaning a substrate, hich is depending on the gases imported, for example, the Ar could be
used for precleaning the substrate through removing the surface contaminants like water vapor
and hydrocarbon. Three different targets could be installed in the Helios, so that ugiti@@nt
compounds and 3 elements could be deposited with two plasma sources (®) and DC source,

respectively.
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Figure2.1 Schematics of the Al film sputtering onto the substrate

2.1.3 Atomic Layer Depositin

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 fastitching vales that typically operate in mili
seconds. The thin film is slowly grown on the substrate by repeated exposures-twvadapping
precursors. The deposition rates for the ALD are relatively low due to thérsiiiig feature, and

the repeating dose ahpurge 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 vatitieach pulse

in a selflimiting 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 isogvn with ALD usingrimethylaluminium (TMA), Diethylzinc (DEZ) and
HO precursors, which is a combination of ZnO process using DEZ@rutddursors and ADs
process using TMA and.® precursors. The different Aluminium dopiegncentrations are

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

214 Electron Beam Lithography and patterning

(a) (b)
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Resistlspinning

Resisispinning
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Figure2.2 Schematics of the tioff and etching pattering 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 thd7SEMhe 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 secondamgnslectr

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-spating, electron beam exposure

and subsequently development. The key differenaeHBL is that the resist is exposed by electron
beam instead of light radiation. The resolution of the EBL (JEG230BKS) at Southampton
Nanofabrication Centre could go down to siild nm. The proximity effect exists during the EBL
process andefers tothe phenomenon that theexposed patterriswider than the desired scanned

pattern [74]. The proximity effecis 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 effébi.

The patterning methods for nanostructures are different depending on the materials, the
patterning methods could be divided into Hiff and etching. For the materials like Gold which are
very soft and easy to break, the goldnostructure can be pattered by Hfiff method, the normal
procedures for the patterning are shown in Figure 2.2 (a) includingcgjaiting resist, EBL exposure,
development, gold evaporation and then {dff. 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, -spating resist, EBL exposure,
development, etching and resist removal. The etching methodd ursthis thesis are including the
Inductively Coupled Plasma Etching (ICP) and lon Beam Etching (IBE), which are using plasma sour
and ion bombardment etching, respectively. The difference between the ICP and IBE is the ICP i
use the plasma sourceslybrine-based or chlorindbased) 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 fordeam LithographyThe resisused in this thesis is

ZEP520A, which ispasitive Ebeam resiswith resolution down to sukb0 nm[76].

2.2  Sample characterization tools

2.2.1 Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared=TIRs pect r omet er used in our | at
Infrared Microscopewith a 15x optical objective with a numerical aperture of Q.BE&ombines

normal FTIR (Michelson interferometer) with an optical microscopy, which offers user to measure
the reflectance or transmittance of a mici@rea down to 1Qum square. The most important part

for this setup is the Michelson interferometer, the mechanism of Michelson interferometer is
producean interference pattern o recombined beam from zero path tBfence to a maximum

length, where thedifferent optical path difference are achievedy movinga mirror with precise
micrometre driveand calibrated using an internal HeNe laser rulafter collection of the
interferogram, the field-field correlation function is converted to apower spectrum in the

frequencydomain by Fourier transformatiofwienerKhinchin theorem)

FTIR spectrometers are mostly used in the mid and near IR due avé#iability oflight sources

(white light and IRlackbodysource) and beamsplitters (KBr with a germanibased coating, ZnSe
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and Cajp) inside the machine. For near infrared measuremémt, Calz beamsplitter is preferred
due to less sensitive to moisture but it cet be usedabove8 um wavelength KBr beamsplitter
can be used for mid infrared measuremehtit strong absorption at wavelength more than g
limit its range toward longer wavelength€hoosing the right beamsplitter and light source is

important during the measurement.

Moving mirror CCD camera

Detector

Stationary
mirror

Sample

Light source

Figure2.3 Schematics of the Fourig¢ransform infrared (FTIR) spectroscopy integrated with an

optical microscopy

The microscope is equipped witMercury-CadmiumTelluride (MCT) detector, which could collect
the infrared spectrum ranging from 11,700 to 600trhbwever, 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 dacurrent and thereby reduce the noise and increase the measuring

resolution[77].

This setup has two different modes for measuring the reflectance and transmittance, aigich
switched and adjusted manualbAn Al mirror or Au mirror are normally used as a referefite
reflection mode because tifieir high infrared reflectancandthe mllected reflectance spedirare
normalizedto the reference spectrumFor 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 thecollimation optics due to the resulting changes in optical path lengiline

collected spectrum wilhlsobe affected by the surrounding environment, which is mainly because
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of the absorption of water vapor and the ¢;@he water vapor will affect the absgation region at
4000-3400cntt and 20001300 cm', and the absorption peaks @fQ are mainly located around
2349cn? (due to asymmetric stretch) and 667 2rfdue to doubly degenerate ben{i}8].

2.2.2 Ellipsometry

Source Light Receiver

Head Source L Detector Head
Polarization Polarization

\ Generator Generator

Figure2.4 Schematic of the basic elements of an ellipsometry's source and receiver part

Ellipsometry is an optical setup to measure the change (phase shiftd?sl amplitude Delta) of
polarization as the incident light reflects or transmits from a thin film glenand 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 indeof the sample cannot be measured directly, but the refractive
index can be converted from the measured A a
important tools for the optical film characterization for this thesis, the principle and setubeo

ellipsometry should be fully understood.

TheA a ncdn b®related to the ratio of complex Fresnel reflection coefficiep@ndrs, which
represents forp- and s- polarized light, respectively. Reflectance measuring equipment like FTIR
only measures amplitudes and no information relating to polarization. The measuremant & n d
Wallows Ellipsometry to accurately measure information relating to very thin (sevejahin films.

When a deposited film is measured by Ellipsometry, a model of its optical properties will be
constructed in CompleteEase software by usifgriari knowledge of the sample under test or in
database. When the measured data sufficiently rhatthe 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 b 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 Ellipsomedr is mainly consisted of two heads including the source head and the receiver head.
The source head is for establishing the initial pakgtion 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 Woolla200@d XI
Spectroscopic Ellipsometer system. The spectral range for the detectors is from 193 nm to 1,700
nm, which is covered UV spectrometer (3BB00 nm) and IR spectrometer (1,6000 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 thdtéesignal to noise ratioThe complex
refractive index obome deposited materials like Si@hd SiN in the mighfrared range is got from

our collaboratorin Nottingham Trent University

2.2.3 Scanning Electron Microscopy

Electron Microscopy has become a pafué 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 las shown much better resolution down to 1 nm, which is because the high energy of
the electron (25 K eV for imaging) in electron microscopy compared to the normal visible light

energy 23 eV for light microscopy.

Scanning Electron Microscopy is widelgdifor 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 formstigge X
emissian, 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. Amomgsigoals,

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 secondargtedas and related to the surface
morphology. For getting a higtesolution image and avoiding the surface charging problem during
the measurement, a thin layer of conductive polymesdacer will be spheoated on the sample

before loading into the SEMh& Espacer could be simply removed by deionized water.
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224 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. Wherobee p
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 displaestnof 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 oscillatiorwill 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 cotfiteoheight to

keep the cantilever oscillating at a set amplitude during the sample scanning.-febiltion 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 Trangr 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 efficiencyhds important

applications on the design of reflection grating and aaflective coatind79].

For an incident polarised plane wave to the majtér 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 tlieaxis and the field inside one layer can be
denoted by the superposition of a leftavelling and rightravelling wave with wave numbé® and

then the electric field could be expressed as

Oa '0Q 0Q 2.1)

According to the Maxwel Odnd theentagnatit fie@(normalired e |

derivative) are continuous across the boundary and follow
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Q0
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It is easy to represent the magnetic fié@as the vectoiO &

", L pl D pl D

Since the two representatior® & andO ¢ are equiwalent, the propagation over a distange
along the positive direction af could be described with a matrix (special linear group)
Al'@ '@ OEQD d'oczx 0 . 04

—0Ed) Ai'@ ™ og o Y og 24)

This matrix) can represent the EM propagation through a layer if 2and 0 are the wave
number and thickness of the layer, respectively. For a multilayer structure with layer nuindedt
each layefQs corresponding a transfer matiix , where'Gncreases along the positiveaxis. The

transfer matrix of the structure ithen

0 0 D BD D (2.5)

If the layer stack starts & T, then the field for negativélis described as

Oa 00Q i0oQ (2.6)

where O is the amplitude of the incoming EM wav@, denotes the wave number in the left
medium and is the amplitude of the reflectance coefficient of the layer structure. The field on the

right is the transmitted field

0 ¢ 060Q ,a 0 (2.7)

where 0is the amplitude of transmittancéQ denotes the wave number in the right medium, and

/

0’ is the thickness of the multilayer structure, If
0O —®—andO0 —0—
(2.8)
then
Oa 5. omn
Od Oon (2.9

In terms of the matrix elements  of the system matriXy and get
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o p
m Q Ty N ™ P ™ o~
° s 0 QQb 000 Qv (2.10)
and
‘ b Qb  deb Qb
' 0 QQb  gad Qb (2.11)

and the transmittance and reflectance at norniratidence are often given by

Q
VA (2.12
Y ,ngs
and
Y dg8 (2.13)
2.3.2 Finite-Difference TimeDomainsimulations

Finite-Difference Timeédomain(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 streieind

the optical propagation is comput edTrdnmsfornsio | v i
also applied to convethe responsdrom the time domain to the frequency domain for getting the
spectral information. Compared with Finite Elementthted which computing for each frequency
point, the FDTD show a much high computation efficiency. Another difference is that the FDTD is
calculatng the electric and magnetic field by using separated rectangular grids, and it will lead to
make full use ofte 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.

FDTDsolutions is a software developed by LumeriEBITDSolutions Canada, based on a vectorial
3D Maxwell equation, and uses a finddference timedomain method to delineate the spatial grid

in time step by step, and then obtains steady state continuous weselts from the time domain
signal in a wide spectral band@ihe unique material model can accurately describe the dispersion
properties of various materials over a wide range of wavelengths, and theimbighspeed, high
performance computing enginenables theoretically arbitrary shaped 3D models to be solVkd.
main applicatios of FDTD Solutiorsre CMOS imaging, sensor design, solar cell design, integrated

photonic device design, surface plasmonic photonics, diffractive @ppbstonic crystals
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metamaterialand 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 inclugesating the geometry of theesignedstructure

and importingthe material properties of the corresponding material for edtbck. 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 otbé&rences, and then imported

into the materials library. The material properties can then be fitted using different fitting methods
for the goal of getting the minimurRoot Mean SquaréRMSkrror. The geometry of the designed
structure can be built manuigl or by script or imported into FDTD Solutions using software such as

Solid works.

XY view # X Perspective view g x

X2 view 8 X YZview g2 x

Figure 25 The modelled device for the Chapter 3 etched metareflector, which has top AZO
metasurface and middle Si@ielectric layer and bottom Al mirrorThe top golden
cuboid is the AZO metasurface, and timeiddle grey cuboid is thel000 nmSiQ
dielectric layerand the bottom red part is the 100 nm Aluminium reflecitine purple
arrow denotes the incident plane wayvard the top golden square is theflection
powermonitor. The orange cuboid represents the simulation atéa 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 meskin FDTD Solutions: automatic naniform, customnon-
uniform and uniform and the automatic nonuniform is the default and wtable for most

simulation The mesh accuracy slider can be set at any number between 1 te &igher the

22



Chapter 2

number, the higher the accuracy of the mesh. The greater the accuracy of the mesh, the closer the
simulation results are to the theoretical ressilFor 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, antisymmetric, Bloch andPerfect Magnetic ConductqPMC). 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 boundamiée et to
periodic when the light imormalincident. The Bloch condition should be set when the light is
incident at aspecificangle, and the symmetry and argymmetry conditions are generally set for

regions with symmetry in order to save computai# 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. Forehstudy 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 tostudy 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 patheneter 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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Transparent Conductive Oxides (TCOs) have been widely used in flat panel display, photodetector,
metasurface since their excellent optical and electrical performg@€® As one of the most
promising TCOs, Zinc Oxide owns the advantages afdstvenvironmentally 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 carrig concentration of ZnO, introducing Grolip elements like Gallium and Aluminium as
dopants have been widely us¢®fl] [82] [83]. The tunability of TCOs sholetadvantage over other

metal oxides, because the electrical and optical property can be changed through electrical gating
and posttreatment by Q/H» plasmal44] [84] [85]. Here we propose a new patterning technique

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

suitability in plasmonic and optical afttbuntfeinting applications.

3.1 Background and motivation

The plasmon resonangeopertiesof patterned AZOfeaturesare mainly determined by the carrier
concentrationand the geometry86]. Several ways lvabeen appliedor tuning the carrier density

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

[87]. The Al content tuning is achieved by changing th&y%nd ZnO cycle ratio during the ALD
process, it is found that the carrier density will be increased with increasing the Al contentfrom 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 Aafrared regimg89]. To tune the
carrier concentration of undoped ZnO, in situ &d H plasma treatment have been applied to
achieve carrieincrease and carrier reduction, respectividy] [90] [91]. However, no works has
been reported on tuning carrier through plasma treatment on AZO, which isrofylar 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 mierials are converted into metaurface through a physical patterning technique,
e.g. plasma etch, controlled evaporation andHiff [91] [2] [92]. Recently, we have reported meta
surface optical solar reflectors using AZO aitbwn that theinfrared absorption can be
significantly increased throughe presence o& 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 plpatteaned
meta-surface is shown to give a comparable plasmonic resonance to a rtmmnaly etch

patterned metasurface, which has some potential application on optical-antinterfeiting.

3.2  Fabrication and characterization of the plasma treated AZO

metareflector

3.21 Fabrication plasma treated AZO metareflector

The fabrication process gflasmapattered meta-OSRs is schematically show in Fidlite The
oxide-insul ator -met al st ack pacaased dilieoh substraget fnd o
80 nm aluminum layer was deposited and then followed by a 1B0@hick Si@layer obtained by
sputtering using silicon and>@lasma 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 insegixg one Al
cycle into multiple ZnO cychnd the Al cycle ratio was set to be from 0% to 5%. The samples were
then diced into chips and treated with,@lasma at 300°C for duration ranging from 0 to 20 min in

an OIPT FlexAl ALD system. Thpl&ma condition was set as flow of 60 sccm, Prease 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 metareflectors through plasma patterning, the samples werepaapwith a 3 nm ADO; by

ALD as a protection layer after AZO deposition step and then a sacrificial layer of 80 nm SiN was
formed on top using Plasmenhanced chemical vapor deposition (PECVD) at 200°C. The SiN layer
was subsequently patterned bylmam Ithography using a JEOL JBX0 electron beam system

and then an ion beam etch process using an OIPT lonFab 300 Plus system. The etching conditior
were set to argon flows of 5 sccm for the beam and 12 sccm for the neutralizer, a beam bias of 500
V, a beanturrent 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 anC@CP plasma descum with the heatinglixzontrolled to be below 65°C.

The Qplasma treatment was carried out under the condition described before. The sacrificial layer
was fully removed using the developed low-lbombardment ICP SiN, leaving a planar AZO surface.
The etch condition was ses a CHflow of 20 sccm, O2 flow ofgkcm, pressure of 15 sccm, ICP
power of 800W and RF power of\8/ 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 excellectivsty over

ALC:.
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Figure3.1 Schematic of plasmpatterned MetaOSR 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 convenienfceptical measurement), which has
potential application on amttounterfeiting [94]. Various tools were used to characterize the
fabricated plasma treated AZO and physical etching AZO, including Roamigfiorm infraed
spectroscopy (FTIR) microscope, Scanning Electron Microscope (SEM) and Atomic Force

Microscope (AFM).
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(a) 0, plasma treatment Plasma etch
Resist/Hard mask Resist/Hard mask

JAVA®) JAVA®)

Figure3.2 (a) Schematics gilasma patterning using a plasma treatméldft) and conventional
etch-patterning using plasma dry etchiridght) (b) top view of the fabricateplasma
treated (left) andphysical etchedright) planar metareflector, the ppte means the
area without hard mask, and the carrier concentration of those ardieo@idecreased
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.

Tomeasure the absorption of the fabricated plasma treated planar AZO, FTIR microscope with a
numerical aperture of 0.2 um (TheraNicolet Nexus 670, Continuum microscope) was used to
collect the reflectance data in a wide range of spectral from 400 to 4600 2.5 to 25 micron).

An 80 nm aluminum coated SISi 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

Reflectancelransmittance=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 plasm
patterned metareflector. Through the greyscale contrast, $guare shape array can be identified

in dimension of about 700x700 nm with white
believed to be polymer formed from carbawntained gas of CH#8uring the SiN stripping process.

The polymer has a prefemgormation location at the square edge and therefore can delineate the
square array positions. Figure 3.3 (b) shows a plan SEM graph of gra¢imed metareflector.

The square array is walkefined with a good dimension control of 700x700 nm.
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Figue 3.3 (a) Planar SEM micrograph of the plaspagterned AZO metaurface. (b) Planar SEM
micrograph of the etctpatterned AZO metsurface. (c) AFM surface image of the plasma
patterned AZO metsurface. (d)AFM surface image of the etgatterned AZO metaurface. (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 plapaiterned metasurface 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 therefory finooth 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 etcipatterned metasurface is also characterized by AFM and shown in Figure 3.3
(d). Unlike the plasmpatterned metasurface, etckpatterned metasurface show a height pattern
corresponding to that in SEM image. The cutline shows a periodic pattern with a flat region bf abou
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 Aipvo reach the bottom of a 200 nm
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gap. These results confirm that the planar surface is preserved after th@a€ma patterning

treatment through the SiN sacrificial layer process.

3.3 Results and discussion

Figure 3.4 (a) shows the measuraasorptionspectra 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 betweerlZ pm dispersed by the Si@Gielectric spacef95].

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

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

less metallic.
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Figure3.4 a) Infrared absorptiorspectra of planar AZO film reflectors of 4% Al ratio after different
O; 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 plasmand etchpatterned metasurface
reflectors measured by FTIR. (b) Numerically simulated absorption spectra ofsuorédae
reflectors based on the carrier comatration fitted from FTIR spectra of plasma treated planar AZO

reflectors.

Numerical simulation based on the Finildference time domain (Lumerical FDTD) is used to fit
and calculate the absorption of the planar AZO film. First of all, the planar l&&iith 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] ( —) in Drude model. To get the best fit of experimental and

simulation, the plasma frequenty and scattering constarg are changed simultaneously until

the simulation results almost overlapped with the experimental data.

Figure 3.4 (b) show thersulated 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 concenteatitire 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 tdaseto simulate

the physical patterned metasurface and oxygen plasma patterned planar metasurface, as shown in
Figure 3.5 (a), Plasmpatterned reflector and etcipatterned reflectors are shown to give
consistent infrared responses, which gives higheanefd absorptions than that of planar reflector.

The increase of absorption is attributed to the plasmonic enhancement as rep{@8dThe
excellent agreement between plasapatterned and etch patterned reflector spectra
unambiguously showshat plasmapatterning technique can be used as an alternative route to

form metasurface whilst the surface is physically planar.

Figure 3.5 (b) shows the simulated spectra of the rretiectors in consistent structures of plasma
patterned and etckpatterned metareflectors. For the plasmpatterned surface, the structure is
set as squares with a high carrier concentration of 2.7%d®r® and a low carrier gap of 2.3x%#0
cnt®, which are from spectra fit in Figure 2.3. For the gtaltterned surface, th structure is set as
squares with a high carrier concentration of 2.7%1n? and an air gap. The planar surface is set
as a uniform high carrier concentration of 2.7%€m3. The spectra are fairly consistent between
the low carrier gap and air gaprsctures, both of which have an enhanced infrared absorption
than the planar structure. The simulation results show that the rstdace formed using the

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

3.4 Summary

We fabricated, simul&d and characterised the plasapatterning 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 thepl@sma 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 2.7x30cm to about 2x16°cm®. The surface is confirmed to be smooth

as a planasurface by AFM characterizations. The plagatierned metareflector shows a broad
infrared resonance, which is consistent with that of an epeltiterned metareflector. Therefore,

our proposed plasmpatterning technique has been demonstrated to be afeetive approach to

form an optical metasurface without a physical patterning, which has potential application for the

anti-counterfeiting.
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A thermal emitter is a type of device whichudd dissipate the heat from a hot object, and it has
played an important rolén 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 narrdwa nd absor pti on,
efficient for the thermal dissipation purpose. Besides, the color of currently thermal emitter for
daytime radiative cooling is normally white or silver becausdefttigh 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
keepdngits color. Fothe application of visually transparent thermal emits&mn solar cell cooling,
which needto 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 lifefimiis 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 AZ®ased visually transparénhermal emitter were afterwards performed,

the fabricated thermal emitter has over 70% visible transmittance and high infrared emissivity
€=0.83. Besides the AAfased transparent thermal emitter, the Y®ased transparent thermal
emitter for smart radiive coolingis also proposed and show&0% visible transmittance and
infrared emissivity tunability Ag=0.3. These

cells, vehicles or buildingand compatible with the current paint technology for aesthetic purpose.
4.1  Thermal emitter and radiative cooling

41.1 Thermal emission

Thermal emission is a fundamental physical process for all objects with temperature above absolute
zero to emit electromagnete ner gy. The spectr al density of
law and is related to the temperature ttie emitter, the emission intensity of the blackbody will

be enhanced with the increase of the temperature and the central spectral distribwiibshift 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. Engiriegrthe thermal emission has attracted the interests

of researchers frona variety researclof communities, and different thermal emitters have been
widely applied on solar cegll thermoelectric devicg sensing, spectroscopy, camouflage, and

thermal managment[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 paptctile
interactions. The thermal emission is the radiated EM enéy 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 deriveor a blackbody)  OR'Y and expressed by thewdtln own Pl ank’ s | aw:

0 ORY ———— (4.1)

Where is the frequency’Yis the temperature of an optically large objediis the speed of the
light, Qrefers © t he Pl ank’ '@ refers to she Baitzmann aonstiant. Notably, the

spectral radiance density of a blackbody surface is angle indepératah polarization state

independert.
4.1.2 Radiative cooling and metamaterial perfect absorber
According to the Kr chhof f ' s | aw of t her mal radi ati on, t he

emission is equal, which enables to engineer the thermal radiation by different materials and
nanostructures combinations. For infrared spectroscopy applications, the temperdtaegth and
human being is around 300 K, and the central wavelength of the blackbody radiation is located
around 10um, which is coincident with atmospheric transparency window of earth from 8 to 13
um, in that case, the earth could maintain its temperau®uter space with temperature around

3 K is a good heat sink for spacecraft and earth. Radiative cooling is a prd@¥ssan object
dissipates the heat directly to outer spa@@®r extraterrestrial application) or emitthe 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 heatifngm solar radiation during the day, the
reasonfor 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 droped, which is purely from the radiative cooling and without solar radiation.

The nighttime 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 withaawer 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 atie cooler willabsorb more heat than the

radiatedheat Forachieving dajtime 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 diiyie radiative cooling bl the ambient temperature has
become a reality with incorporating the metamaterial. In 2014, the first experimentallytiotesy
radiative cooling has been achieved by using alternating &i@ Si@multilayer structure backed

with metal Ag reflector, whickould 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/n? and 4.9 C temperature lower below the ambient temperature under directighnl

[99]. In 2015, the research on Saharan silwet has revealed the dense array of triangle structure
of the ant’s hair could not only enhance th
resonance and total internal reflection, but also enhance the-lRi@missivity in order to keep the
body temperature in a steady statf98]. However, the fabrication cost for the aforemtioned
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 th@r8Silica microsphere into the TPX
polymer matrix, those Silica microsphere erdbded polymer has a strong phonon enhanced
Frohlich resonances, which supports an high emissivity in the atmospheric window, the cooling
power could be reached to 110 wAwith backed with reflective Ag coatif$00]. 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 vehiles 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 challefogethe visually

transparent radiative coolgi01].

Metamaterial perfect absorber (MPA) has been a research hotspot in recent dedadéd® 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, croesgs have been utilized for the top metasurfdadé,

102]. With the initial MPA research mainly focusing on the microwave and THz region, MPA
applications in the midnfrared and optical domain has been actively studied for their ability to
achieve perfect absorption with subwavelength thicknessl & 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 crdicfor 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 th midIR MPA. One of the most widely used design structure forIRIiEIPA
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is a layer of dielectrisandwichedetween two metal layers with a patterned top metal lay&03].

To broaden the infrared absorption bandwidth, one way is to mix diffebsorption peaks
generated by various patterns resonatof$04]. However, the effective number density of
individual resonator will be minimized with the increase of the number of resesatehich 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 resonarin the metamaterial structure, while the
fabrication complexity is too high to achief#5]. Therefore, it would be of terest to apply the

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

41.3 Challenges for visually transparent radiative cooling

Currently, the color of most of the ddime 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 heatingtislesirable. 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 ca&e, 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
aremai nly applied to the building roof and won’'t be
it will result in light pollution and influence the traffic due to its strong solar reflection, besides, for
other civilian products using radiative cooling dogt 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), fluat&d 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 rotabn vibrations, for example, -O stretching bond is absorptive in the range of
8-10 um and the deformation vibrations of OH group results in IR absorption from 8 103,
107-109] The polymerbased radiative cooler has the advantages of strong IR emissivity and large
scale manufactte ability by Rolto-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 thenmlghain, which
could cause the decline of the mechanical strength as well as the theptiabl performance and

make the polymer easy to be fragile after long time UV radigtid0]. Moreover, the thickness for
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polymerbased radiative cooleris normally over 10Qum, 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 alin 2013, where achieved color preserved daytime radiative cooling by orthogonal
putting 7 um thickness periodic array ofquartz bar on top of silicon nanowire array backed with

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

by a meaningful valu¢l1l]. AZO and ITO are transparent conductive oxides which exhibits
dielectric response in visible and NIR range and metallic response in tHR madgewhich results

in a good transparency in the visible and good reflector in thelRid.ai et al. used an TREATO
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 firh?2].

Yang eal. proposed a three layer structure ITO metasurface/ZnS/ITO narrowband thermal emitter
with central wavelength of absorption at 10)6m [113]. Dayal et al designed Aluminium
metasurface/ZnS/ITO ttayer absorbewith reaching 98% peak absorption au and over 70%
absorption from 4 to 74um, 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 raoligfi15]. Kim et al
designed a transparent radiative cooler which consists QffBPDMS on tp of selective reflector
made of 5 alternating layers of%i:H and SiQthe 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 1.4um), the transrent 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 transpadiattive
coolers is relatively high, and the total visible and Ae#mared 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 ah@jh infrared emissivity visually transparent radiative

cooler was designed and fabricated.

4.2  Visually transparent AZ@ased thermal emitter design

421 TCO/Dielectric/TCO Multilayer structure

Multilayer optical films are widely used in modern optical techngldgr 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 cornerstonesf 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,
definition of the relation of thickness and absorptifkl6]. This relation has been finally defined

by Rozanov in 20(a8]. The thickness of nonmagnetic absorber is 1/17 ofmtfaimum operating

wavelength:

Q Y @2

where 3 is the reflectance in unit decibel (dB). In order to gain a 20 dB reflectance, the least
thickness is 0.11%_. For radiative cooling device operating mainly nearpi) the required
thickness should be at least 1.&n. The application condition is different for narrdéx&nd and

magnetic absorbers.

(b)
TCO TCO TCO
Dielectric
Substrate

Figure4.1 Schematics of metasurfad®msed visualljransparent 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 T@®D is patterned to metasurface to
enhance the infrared absorption. To evaluate the performance of visually transparent thermal
emitter, two parameters visible transmittance,g&hie and infrared emissivitye)] were introduced.

In solar radiation band,he visible transmittance could be defined as the integer of the visible

transmittance over the visible range weighted by the solar spectral irradi@hcg _

4 (43
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Where_ and_ are the wavelength limits]Yis 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 sasnthe last chapter.

4.2.2 Materials chace for TCO/Dielectric/TCO Multilayer structure

Materials chdces are a big concern for design and fabrication of the visually transparent thermal
emitter, wherethe 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 thermaptical performance and the visibleatnsmittance will be calculated

and analysed.

The backreflector should be a good infrared reflector whaingtransparent 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 midrared as well as the
visible transmittance. The carrier concentration of TCO could be variedZxa6° cm3to 2x1¢*

cm® depending on the compositions and pdstatment 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 (" twn3),
however, the toxicity and high price of. limit the further application. A promising alternative

for the ITO is Aluminiurdoped Zinc Oxides (AZO) with carrier concentratipto 2.7x13° cm?,

and it can be modulated by,@r H plasma treatment and decreased to 2*16m™ based on our

research.

Sinulated transmittance and absorption speatwith 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 thermabtical performance, thehickness of dielectric layer SiQop

AZO and bottom reflector TCO is fixed at 100 nm, 1200 m and 300 nm, respectively. The visible
transmittance of2x10*° cm®and 2x16° cm® AZO is around 0.8 and much higher than the 2%10
cm31TO, which is arisinfjom the higher optical loss of high carrier ITO in the visible rafge
2x1Fcn®ITO and 2x18cnr®AZO shows similar infrared emissivity over 0.6 as traditional Al based
thermal emitter, which indicates the high carrier TCOs are a gufodred 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 around2ridis

chosen as the backreflector maial for the following simulation
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Figure4.2 (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 Zri@° cm to
2x10°cmPa nd di d nincreasévhen thehcarriedensity of TCO backreflector is 2x46n
3. The reason for that is because of the skin depth of the backreflector TCO, which is determined by

the following equation:

(4.4)

where is the skin depthmis the resistivity £Eis the frequency, and and A 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 tthier aensity

in the infrared rang¢118]. In that case, the skin depth of higher carrier dgnsiill result in higher
absorption due to the FP cavity resonance. It should be noted that there is adfaldetween the

high visible transmittance and high infrared absorption, a higher visible transmittance will lead to a
lower infrared absorption. & the purpose of gaining higher visible transmittance, the carrier
density for the back TCO reflector is chosen for 2.7&0r® AZO for the later simulation and
experiments and the 2.7x*0cm® AZO is the highest carrier density in the previous workmihe

Al dopant is around 4993].

Table4.1 Visible transmittance and epsilon value for different backreflector materials

Backreflector Al Mirror 2x10° cm 2x10°cm® 2x10tcm3
Materials AZO AZO ITO

4 (380-780nm) |0 0.79 0.77 0.60
Epsilon0(8-13 um) |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 2.7x@n3 AZO on 1200 nm Sion different thickness 2.7x18cmPAZO
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 nrthe infrared absorption is close to a perfect absorption, while the
absorption didn’'t change too much with furth
for the reflector AZO is chosen as 300 nm, which could support relatively strorfgareth

emissivity while also keeps good visible transmittance.

(a) (b)
1.0 1.0
— 100 nm AZO
—— 200 nm AZO
300 nm AZO

—— 400 nm AZO 0.8
—— 500 nm AZO

0.8 1

o
o
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Figure4.3 (a) Transmittance and (b) absorption of different thickness of 2@ 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 tdghpgarency in the visible. Besides, the
carrier density of AZO could be adjusted through changing depaosition conditions and post Oxygen
plasma treatmen{33].

Table4.2 Visible transmittance and epsilon of different thickness of AZO back reflector

Thickness (nm) | 100 200 300 400 500
4 0.76 0.71 0.77 0.75 0.70
Epsilon() 0.57 0.61 0.63 0.64 0.65

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 backeflector is 300 nn2.7x13° cm® AZO andhickness of dielectric is 1200 nm, the
corresponding transmittance and epsilon value are shown in Table 4.2. Xbg @G4F and SiQ

have a high transmittance over 0.70 in the visible. ForBbslon value, the Caland Si@are the

highest among thosé materials. The Sivas finally chosen for the dielectric layer, because it is
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good transparency over most of the visible range, while also owns a strong phoohaniton
resonance in the midhfrared range for supporting relatively high infrared emiggidue to the
transverse optical SD-Si vibrational mode at wavenumber 1064 ¢nbesides, Sihs a CMOS

compatible material, and the mechanical property is more stable for flexible applicftib®s120]

(a) (b)
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Figure 4.4 (a)Transmittance and (b)absorption of different dielectric layer materials for the

structure of 100 nn2.7x13° cm3 AZO on dielectric layer on 300 r&vx13°cm2 AZO.

Table4.3 Visible transmittance and eion value for different dielectric materials

Dielectric A|203 Cak; HfOZ SiOz TaxOs Ti02
Materials

4 0.76 0.77 0.31 0.77 0.70 0.66
Epsilon@ 0.57 0.65 0.59 0.63 0.58 0.55

For gaining the cheapest structure of radiative cooler,ghsiest way is to coat the bulk Si@th

an optically thick reflective layer like Aluminium (Al) film or Silver (Ag) film. On the one hand, the
extinction coefficienfQof SiQis close to zero over the solar radiation range and will result a high
refledivity in the visible and NIR, on the other hand, the bulk. 8Kists two strong peaks in the
extinction coefficient around 10 and 20n (as shown in Figure 4.5 (a)), respectively, where could
support a strong emissivity due to the phonpolariton resonaces[93]. However, the strong
impedance mismatch between bulk 2i@300Qum) 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 glason 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
SiQcan’'t be bent and applied oraduce thetotal thickvegstos ur f ace an
below 2.5um for good flexibility. When the thickness of SKset as 1200 nm, as shown in Figure

4.5 (b), the thin layer Si®ehaves semransparent in the IR range, and the emissivity is relatively

low.
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Figure4.5 (a)Refractive index of SiCthe data were adapted frorexperimentalSiQ by Helios
Sputter. (b)Spectral emissivity/absorptivity of film $i02 um (blue line) and 300 pum
(orange line) bulk Si®n 300 m 2.7x16° cn® AZO reflector, respectively.

Putting a 100 nm AZO on top will generate a FaBéyot cavity and lead to a higher infrared
absorption, as already showed in the Figure 4.4 (b), and introduction of 200 nm AZO can still keep
a hightransparency in the visible ( T Xor SiQ). However, the overall infrared emissivity

€ is around 0.63 and not sufficient for eff
metamaterial and metasurface, it has been proved the rsroenhancement of localized
electromagnetic field enhancement would be generated due to the plasmonics effect of top
metasurfacd121]. In that case, patterning the top planar AZO film into metasurface is desired for

further enhancing the infrared absorption.

4.2.3 The top AZOnetasurface design and optimization

Figure 4.1 shows the schematics of the metasudaased visually transparent thermal emitter,
the proposed structure is composed oflaiyer stack: the TCO metasurface, a dielectric spacer layer
and TCO back reflectofhe plasma patteling technique described in Chapter 3 is not used here
because the optidaabsorption spectrum of etched metasurface and plagaiernedmetasurface

is consistentandthe fabrication of the etched metasurfacereatively simple

To get the best combination of the visible transmittanceistk) and infrared emissivitye), 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 providirsgrang plasmonic resonance. Figure 4.5(a)
shows the TJsineis at the range of 0.6 to 0.65, the change of dielectric thickness has little influence
on the Tisivie due to the optical loss for thin film Si@ visible is negligible, feature size of AZO
metasurface below 1500 nm could get a highersipst 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 andDAZetasurface 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 highesegion, considering the fabrication cost and

complexity, the thickness of Si@® chosen at 1,200 nm, which is coincidently with the calculated

thickness from the equation 4.2.

Width (nm)

Width (nm)

Figured.6 Calculated (a)vlivea nd (b) € with different dielectri
gap is fixed at 250 nm, the green dash |
424 Fabrication and characterization of AZO based visually transparent thermal emitter
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Figure 4.7 shows thfabrication flow of the AZO based visually transparent thermal emitter. In

order to achieve high transparency in the visible, the Gabstrate with thickness of 1 mm is

chosen due to its lower infrared absorption and relatively the same visible tigtasice compared
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with transparent glass substrate. 300 nm AZO backreflector with carrier density°@xi®was
deposited on the substrate by Savannah Atomic Layer Deposition (ALD) system at 250 C, followed
1200 nm Si®layer deposition by Plasma Enhadc¥apour Deposition (PECVD) at 350 °C.
Afterwards, a 100 nm AZO with carrier concentration 2.7k&0r® was deposited at temperature

175 <C by thermal ALD. 10 nmx@d capping layer was added to the deposition run after the top
AZO without breaking the eaum state for improving the serious adhesion issue between the
photoresist ZEP520A and top AZO. Then, the photoresist ZEP520A and conductive layer Espace
were spin coated on sample before patterning with JEOE93BX Ebeam Lithography System.

After removing Espacer with DI water and ZRB0 for development of ZEP520A, an ion beam
etching process with OIPT lonFab 300 Plus system was used to etchingddendltop AZO, with
etching rate 3.9 and 17.9 nm/min for 28 and top AZO, respectively. Afterath 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). Fgure 4.8(b) shows the hole array AZO metasurface, surprisingly, the

optical absorptioris quite consistent as thequare metasurface structure.

AZO
Sio, Sio,
AZGE Ao - PecvD GO 0, a0
CaF, 250 °C CaF, CaF, 175 °C CaF,
Resist
spinningl
ZEP520 A
AZO AZO
Sio, ICP Sio, Sio, E beam Sio,
CaF, CaF, CaF, CaF,

Figured.7 Fabrication flow of AZ®ased visually transparent thermal emitter

For the emissivity measurement, the commercial FTIR microscope (TiNioolet Nexus 670,
Continuun 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
cn! (equal to wavelength range from 2.5 to n), the 80 nm thickness Al minr beyond the

optical skin depth was used as a reference, all IR spectra were collected with an average 128 scan:
in room temperature. The solar absorptance in visible and near infrared was acquired through a
total reflection spectrophotometer (Bentham PR) with two reference detectors Silicon (300
1,100 nm) and Germanium (8d0800 nm), which is based on a supercontinuum xegoartz
tungsten halogen dual light source over a range of 0.3 tquth%nd an integrating sphere coated

with BaS@ thereference for solar radiation measurement is using BaO
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(b)
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Figure4.8 (a) SEM togviews of patterned square with length 1,350 nm and gap 350 nm fabricated
by Dr. Kai Sun (b) Patterned hole arrays with hotétw850 nm and gap 350 nm.

425 Results and discussion
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Figure4.9 (a) Photo of the transparent thermal emitter on Gakbbstrate, 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 thefabricated AZ@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 andatgoh
transparent thermal emitter from 0.3 to 20 um, 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 dated Tisibeis 0.7, the oscillation pattern
from the spectra up to 5 um is due to the interference between the dielectrig|&@r and AZO
reflector. The simulated and experimental absorption spectrum also fits very well, the calcelated

is 0.83(8-13 m), and it is a little bit higher than the Al mirror based thermal emitter wiggual
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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 aedperimental 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,Gabstrate is not

consideredn the simulation.

(a) (b)
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Figure4.10 (a) Infrared absorption of metasurface based thermal emitter and film stack thermal
emitter. (b) Extracted4 and ¢ as a function of f
metasurface, the blue dash line andred dash linerepredent and € of st e

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-B um and 1€l5 um is enhanced due to the electromagnetic field
enhancement. Figure 4.10 (b) shows the extracted  ande 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), whilecthialue increased by 0.1
compared with stack fihe 6.63, and it has proved the introduction of metasurface could enhance
the infrared emissivity for a better radiative cooling performance due to the strong-fiddr
plasmonics enhancemento evaluate the contribution of the metasurface patterningg§@3im

width and 250 nm gap) to the infrared absorption, the electric near fields were plotted at the
wavelength of 7.5 um and 13 pm in Figure 4.11, a strong field enhancement was observed at the

gap area, which is attribute to localized surface plasmarrasoe[121].
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Figure4.11 Nearfield maps of the metasurface based thermal emitter at wavelength of (a) 7.5 pm
and (b) 13 um

4.3 VO based seHadaptive thermal emitter

Optical devices with a strong tunability are desired for optaablitude and phase modulation,
with promising applications on optical modulator, structure color, thermal emitte{£20, 122]
Phase change materials like GST, liquid crystal, (La,Sr}, M@have been widely used for
achieving tunable optical devicE23-126] Amorg those phase change materalVQ is of
particularly interest for its relatively low phase tisient temperature and without external energy
input. Here, we propose a thifilm selfadaptive thermal emitter that combines the high visible

transparent and variable thermal emissivity.
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431 Design and numerical modelling of the device

Similar to the AZdased thermal emitter design, the \édased thermal emitter device is also
based on the Salisbury screen design, which is consisting of a dielectric layer sandwiched hy top VO
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 fregqsetestive
backreflector AZO, which presents high transparency in the eisishge and reflects the
wavelength in the midinfrared (2-85um). This modified design offers the advantages that a single
pass through the Vs required in the visible, hence significantly reducing the solar absorption.
The lower solar energy absorpti fulfils a similar requirement as conventional radiative cooler that

reflecting the sunlight back.

Thanks to the thermochromism of Y@ear a critical temperaturéY around 68 Cwhich offers
VG with the capability of tunable infrared emissivity aiffdrent temperature. When the
temperature isbelow the Y, VQ is entirely in the monoclinic structure (M) and behaves as
dielectric state in the MIR region. While for the temperature above'e/Q is in the tetragonal
rutile structure (R) and Beves as a metallic state in MIR region. The thickness paSddottom
AZO reflector is chosen as 1200 nm and 300 nm, respectively, as discussed for thaseédO
thermal emitter. The 1200 nm Si@ to result in constructive interference of the incideand
reflected electromagnetic wave when the ¥® in metallic state and enhancing the absorption in

the VQ metasurface layer.

High Emissivity Low Emissivity
Visible IR Visible IR

Metallic

Dielectric
Vo,

Vo,

High vis. transparency High vis. transparency

Figure4.12 Schematics of the \ibased thermal emitter device when Y@ in metallic state

(left) and dielectric state(state).
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Figure4.13 Design optimization as 2D sweep of Mguare feature size L and gap d through
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The optimization route for the top \Wdnetasurface was investigated like the AZO metasurface by

2D sweeping the feate size ) and gap sized], and then the performances were calculated

according to its transmittance and absorption specttunstead, the performances of metasurface

have changedts ol ar transmi tt ance e&ahigurel3Ra) an@hislsowtithee i ty contr ;
color map of <calcul ated sol ar d),reapactively. Farthence and | F
solar transmittance below théy, the transmittance is inversely proportional to the M&verage

of the metasurface and it proves the Y@as high absorbance in the solar radiation range. The

hi g h&&3is gat when the L=3um and d=1.5um.

4.3.2 Fabrication and characterization of the \é@ased seladaptive thermal emitter
VO, VO,
Sio, Sio, Si0,
ALD PECVD Anneal
MO, MO ZEOD 0 _AD, pp  Awed g0
CaF; 250 °c CaF, CaF, 150°C CaF, 450°C  CaF,
Resist
spinning
ZEPS520 A
Vo, VO, VO, Vo, VO, VO,
Sio, ICP Sio, Si0, & € beam _ SiO,
CaF, CaF, CaF, CaF,

Figured.14 Fabrication flow of the V&based thermal emitter device

Due to the cleanroom access restriction during the pandemic, the fabrication part of t#eVioe
is done by Dr. Kai Sun. Figure 4.14 shows the fabrication fithe ¥Q-based setadaptive thermal
emitter. The same as the AAdsed thermal emitter, the AZO backreflector and,SI@lectric

layers were deposited on Casubstrate by the Savannah ALD and PECVD, respectively, the CaF
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substrate was chosen becauseitsfhigh transparency for the wavelength below@®. Then, the

VG 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 \6@s 0.37 A/cycle and-Bich substrate uniformity is below 2%, which

are both confirmed by Ellipsometry. Because the as depositedifCs amorphous and the post
anneal treatment is needed to crystalize the o monoclinic sate for exhibiting thermochromic
properties. Then, the V@ films were annealed in Opressure of 40nTorr for 1 hour at
temperatures of 450 C. Afterwards, the Y@as patterned into metasurface following the
standard Ebeam patterning process through resist spinninggeam Lithography and IBE etching.

Finally, the Ebeam resist was removed by ICP etching.
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Figure4.15 SEM images (scale bar: 1 um) and associated optical spectra aief&urfaces as
function of square features sizewith gap size fixed at d=2 um. (a) L=1.5 pum, (b) L=2.3
um (c) L=3.pum. (d}(f) Transmission, reflectioand absorptionspectra of the V©
metasurfaces at90°C (gXi) Transmission, reflection and absorptiaf the VQ
metasurfacest 30°C.

The IR spectrum were measured by Fourier transform infrared (FTIR) at 30C as cold and 90<C a:

hot and VisNIR spectrumvere collected by a total reflection spectrophotometer (Bentham PVE300)

at 30°C and 90<C as well. Figure 15 shows SEM images of tmeev@3urface with different feature

sizes L of 1.5 um, 2.3 um and 3.5 um., M&asurfaces are well defined in square shape and the
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gaps are accurately defined as d=2 um. Optical spectra at 90°C (hot sfitand at 30C (cold
state, gi) are presented in Figure 15-{d

Table4.4 Summary of calculated IR emissivity, solar absorption and visual transmittance at hot

and cold status using measured experimental spectrum (Figure 4.15)

L(um) Got Gola n¢ P hot h cold Tuis, hot Tuis, cold
15 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(€not, €cold and Ag) and sol arpe anths@rapd i on
transmittance parametersT{is, norand Tvis, coid. ASShown in the Figure 15 (d) and (g), the,WWased
thermal emitter exhibits over 60% visible transmittance and bl@k®stall the mid-infrared EM

wave incident to the AZO backreflectwhen the feature size L=3.5 urhe visible transmittance

of the structured VO metasurfaces improved by at lea®0% compared with the bulk \\@ilm

(black curve), which is due to the reduced,\dOverage. Concerning the reflection spectrum in
Figure 15 (e) and (h), a weak oscillating reflection presents in the spectral range from 0.4 1.5

In the cold state of V& the high reflectivity between-8 um is related to the highly reflected AZO
backreflecor. 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 SiO
layer and the strong absorption of YOAt odd multiples of a quéer wavelength, a minimum
reflection is seen as the antodes coincide with the ViQayer (Salisbury screen effect), while for
even multiples nodes at the location of the M@sult in maxima in the reflectiorthe thermal
emissivity contrasie is the mast important performance parameter for the smart emitter devices,
which is given by the emissivity difference between the BOCT, €not) and cold 30C, ecoi0) States.

For hot state, the feature size has an impact on the emissivity because platsraonic resonance
enhancement to the IR absorption. Large feature sizes of 3.5 um and 4.7 pm givessintddahe

planar film, while smaller feature of 1.5 um and 2.5 um give smalevalue. Fokcoq, patterned
metasurfaces are similar to thegplar film since the dielectriéQ givesno plasmonic enhancement

and the emissivity at cold state is mostly related to thigrational (LO and TO) phonomodes of

the dielectricSiQ spacer and the AZO baokflector[127]. Overall, the emissivity contrast slightly
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increases with the feature size from 1.5 to 4 and shows the highe&&=0.26 for the feature

size of 4.7 um.

For solar absorption, all patterned metasurfaces show significantly reducsortion to the
planar film in both cold and hot statehe measurface with feature size of fufm gives the lowest
Ocold Value of 0.33, which reduces by 28&eomparedwith the planar film.The hotstate solar
absorption gives the lowest value afo: =0.28 with the feature size of 3j5m corresponding to a
35%improvement over the planar filmogim, ot =0.43). Therefore, the patterned metasurface with
optimised design provide equivalent #Rissivity with a significantly reduced solar absorptions
than the equivalent thirfilm 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 Gonclusion

In this chapter, the passive and satfaptive thermal emitters with high visible transparency were
introduced. The AZO based passive thermal emitter consisting of AZO metasurfat8ZISi®as
designed and fabricated, with best therragbtical 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 gapvere 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 &serving its color.

The VQ based seladaptive thermal emitter consisting of Y@etasurfaces/Si@@AZO was also
demonstrated, with a solar transmittance ob2.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
V(G covelage 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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5.1 Introduction

Detection and spectroscopy of infrared radiation has been widely applied for applications in
infrared imaging, sensing, camouflage, atdunterfeiting, and radiative cooling, owing to its
advantages in utilizinthe high atmospheric transparency windows for its sensitivity to molecular
vibrational energy levels and terrestrial blackbody radig®®n 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 optimiziain routines[130] [131-134]. Moreover, this type of
iterative design also requires the evaluation of a large number of different optical structures and
highrvolume optical simulations database, with problems such as high computational effort, high

design time as well as cost and just for a single optinuaajopal.

With the fast development of artificial intelligend¢echnology 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 combinationagitics and artificial intelligen¢&32, 135, 136]
Machine learning algithms 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 devidd87-142]. Among these algorithms, genetic
algorithms based on the principle of natural selection have a clear advantage in the design of
infrared optial 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 oflerge, and lower cost compared with

patterned metasurface structurgd43].

This chapter describes the work that combining the genetic algorithm and the trasismimatrix
method to design, fabricate and characterize the multippectral infrared optical devices for both
terrestrial application (radiative cooler) and the design and analysis of-tetmestrial application
(Optical Solar Reflector, OSR). Theetligped 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 matdrials an

can be one go fabricated by industrial level Helios sputtering system which has the advantages of
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high uniformity, largescale manufacture ability, lithograptyee, high angle of independence and

better film quality.

The optimization goals for the rative cooler for terrestrial application are maximizing the infrared
emissivity between atmospheric windowl8 um as well as achieving a minimum solar absorption

in the wavelength range from 0.3 to 2uBn. In our numerical studies we will report the optaad
thermaloptical propertiesn=0.08 anct=0.77 (813 um). The optimization goals of multilayer OSR

for extraterrestrialapplication include a more broadbamadbsorption over 2.25um and low solar
absorption over the solar absorption range, with therrogtical propertiest=0.07 and¢=0.72 (2.5
25um). In both cases, the emissivity remains almost constant for a large angle of incidence up to
70° The efficient design strategy and oge 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

devicesfor both terrestrial and extrderrestrial application, the VObased adaptive infrared

t her mal emi ssivity tunable devices are optimized i

the first time to apply the GA on the Y®ased infrared tuneabl@evices with the maximum
emissivity tunability, the positive and negative differential thermal emissivity devices are optimised

for the purpose of maxi mum Aeg.

5.2  Background

52.1 Optical Solar Reflector

During the operation of spacecraft in outer space, éxternal thermal environment can change
drastically, with temperatures fluctuating frorl50 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 imrnal 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 infraredelengths
according to the laws of thermodynamics. As one of the most important thermal control devices
for spacecraft, the Optical Sol ar Reflector
infrared emissivity ( &iphg thelnarmas opexatiom oftthe linternad | e
equipment and the electronics of the spacecraft, and it is important to extend the service life of the

spacecraft.

Since the 1960s, the quarbased optical solar reflectors (OSRs), also known as secondarnesurfac

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 arou20@.50

um. OSR device based on quartz tiles are fragile,candot be bent or folded, so the assembly
process is difficult and expensive. It usually takes several hours to install a Spiecenof OSR tile

onto a spacecraft and several days of skilled worker to install all the OSR components of a spacecraf
Due to the rigidity and brittleness of the glass, the glass is easily damaged during installation and,
in addition, the mechanical lmiations 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 quédzed OSR device, it is of interestlevelop

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 gefeice
terrestrial and extraerrestrial 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 himfrared emissivity over 60% in thel8 um
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 spacecrafstrang broadband
emissivity from 2.5 um to 25 um 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 struces developed by the group of Prof. Nanfang Yu at
Columbia University in 2019 can achieve broadband absorption over th2521%n wavelength,

the simplicity of those techniques could be applied to different surfaces by painting or sgi®@ng

144]. However, the organic polymer materials based radiative cooling film or paint are not suitable
for space applications, because of the extreammditions of the radiation environment in outer
space which includes high energy cosmic rays as well as ionizing solar radiation and stronger sola
UV radiation67, 145, 146] Those radiations will causelfoxidation, 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 nrsetdace based broadband infrared
absorber, named Met®SRwhich is based on Salisbury Screen and consisting of AZO metasurface
on SiQdielectric layer on Al mirror, and the infrared emissivity {255um) and a solar absorptance
(0.32.5 um) are 0.79 and 0.16, respectivglyt7]. However, the fabrication of met@SRs 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, leucadist is still
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very high compared with fildvased structure. From the practical applications and integration point
of view, the multilayer filrshbased structure would be a strong alternative candidate. A lot of efforts
have been put on optimizing the muétyerbased radiative cooler for terrestrial application, which
need a high absorption in atmospheric windowl® um)[109]. However, so far there have been

limited demonstrations of applying thifiim multilayer structires for the OSR application in space

523 VG, 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 erha ladiation accarding mnhd can’ t ad
surrounding media or for some specific applicati¢h43, 149] Inspired ly 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 inaling mechanically responsive materials, electrochromic materials

and thermochromic materialgl50]. Among those materials, the thermochromic material,\ 6O

one of the most promising smart thermal regulation materials because of its advantages of

relatively low transition temperature, reversiblesponse, and zero energy requirement in passive

thermochromic device configuratiorié4, 151]

(a) LowT (b) LowT

Lowe

High T

Lowe

Dielectric VO, Metallic VO, Dielectric VO, Metallic VO,

Dielectric Dielectric Dielectric Dielectric

Figure5.1 Schematics of the \\ebased (a) positive differential thermal emissivity device and (b)

negdive differential thermal emissivity device.

The thermal emissivity of \dased 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 tHerma
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 trstpe and
negative differential thermal emissivity devices are based on théaygr FabryPérot cavity
structure, which is consisting of dielectric layer sandwiched byavi@ metallic layer. Again the
current state of the art in designed structuresthwvdifferent thickness and materials selection for
each layer, heavily relies on the experience of the designer and lack of freedom of[d&&igh53]

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

53.1 Genetic Algorithm

The structure applied for the optimization of the infrared photonics device is based on the
multilayer thin film structure, which provides number of advantages in terms of higblume
manufacturing capability, high durability and mechanical strengjtthe 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 e previously applied on the design of reflective radiative cooler, Jeong et al.
demonstrated 8 alternating layers of 500 nm thickness; @@ Si@ on 200 nm Ag with mid
infrared emissivity over 80% and solar reflectivity over 9854]. However, this design was done
through experience of the designenéimay 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 Si@n SiN on AD; 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 theaximum object functiorin predefined range with an evaluation
function, which is normally to gea 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
capalbility of dealing with the complicated problems and parallel{d®5]. The GA could be utilised

to deal with various optimizations, whether the objective function is-stationary or stationary,
continuous or discontinuous, linear or nordar. 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 theabpéisult 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 framreasonable 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 Mtrix Methods (TMM) and applying to solve more questions like for the dynamic

radiative cooling device optimization.

Start
A Transfer Matrix Methods
Random Initial
Population Transfer Matrix
>y Solver
Evaluate Fitness !
v —
[ Crossover ] Absorption Spectrum
v J
[ Mutation ]
l Evaluation Function
New thicknesses and Calculation of € and o
materials population !
Calculation of FOM
Termination

Condition
Yes
End

Figure5.2 Flow chart of the Genetic Algorithm for Reflective Radiative Cooler ggattian, the
integration wavelength ranges for reflective Radiative Cooler @nutical Solar
Reflectorare 813 pm and 2.25 pum, respectivelyThe Transfer Matrix Method will
be used for the absorption spectrum calculation for the initial population ane th

following every new thicknessnd 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 algorithikes 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 fdhe Radiative Cooler is shown in the Figure 5.2, the initial
population/first generation was predefined at the beginning, the first generatimoisisting 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 TMMutiinodecoding 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 st 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 t
local optimum, and the crossover and mutation values were set to be 0.8 and 0.2, respettieely.

population sizeof each generatioin the GA is set t@00.
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Figureb.3 Flow chart for the Vé&based thernal emissivity tunable devices, with the purpose of

getting the maxi mum Acg.

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 t hi c lportenstedefing time etalnatione v a
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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 fohie emissivity calculation, and it is defined 8umfor RC and 2:25um for
OSRFigure 5.3 shows the flow chart for Yfased 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(84@ghr) and Monoclinic

VG (sowr) Separately, and thenthA e i s d egfirdiowt ®rdpostive differential emissivity
devi c ewreaghrir negative differential emissivity device, and the fithess function defined

here is to maximise the Acg.

5.3.2 Optimization Goals

In this chaper, 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 oneggo manufacture of OSR with a high broadband IR emiséivty > 025umPand a2 . 5
|l ow sol ar ab s o-25umwith E@M=(aobesiieslthe total.thRkness of device will

be constrained less than 2.5 um to achieve better flexibility and reduce the AIT and launch cost.

Besides, the GA will also bepdipd on the V@based thermal emissivity tunable devidg@OM=

), for the purpose of achieving the maximum emissivity tunability.

5.3.3 Helios Sputter for onego 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 Hadigsering system is applied

for the optical film coating using reactive sputtering under high vacuum condii@as industrial

level sputtering equipment for the fields of precision optics and optoelectronics, the Helios sputter
provides the capabiltto load 12 pieces-Bich wafter at one time, with maximum 200 layers and
20 um thicknessTheHelios sputtering tool has two miglequency plasma sources (for dielectric
sputtering) and one DC source (for metal sputtering). The sputter source is mage séparate
sputter electrodes that act as sputter cathodes alternativélye alternating electrical field for the
alternating polarity of the electrodes is provided by the Hriglquency generator, while the
dielectric sputter sources are supplied tye 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 waterooled 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 materialo the substrate due to the bombardment by the energetic ions, after
that the plasma source will generate high density plasma source feagsisted coating @r Nb),

so that the oxides and nitrides could be deposited on the substrate. For the purpas@roving

the adhesion and film quality, the plasma source could be used for thergaéng or precleaning

a substrate, which is depending on the gases imported, for example, the Ar could be used for pre
cleaning the substrate through removing the fawe 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 (®) and DC source,

respectively.

[ IS [ EXC

Helios
Sputter

e

Figureb.4 Schematic of ongo 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 bothtfoe 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 rangel8um for RC and 2-85 um for OSRIn this part, the
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design and fabrication of reflectivadiative 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 CQYIRandemic.

54.1 Design ofRadiative 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 alsorption but have a high extinction coefficient for keeping high emissivity. The high
extinction coefficient refers that the electromagnetic wave will decay rapidly when the wavegass
through the materials and leado a high absorptionAs stated byhe Ki r chhof f ' s | aw
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 usedluring the optimization are those standard materials in the Helios sputtering
tool, including Sig) SiN, Ti@ AbOs, and TaOs. In contrast with the previous optimization methods
which are primarily based on some predefined stack with the goal for théskaptimization, 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

umto ensure mechanical flexitifi of the resulting coatings when fabricated onto Kapton foils.
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Figure5.5 Imaginary refractive index (extinction coefficient) of different optical materitis
refractive index of SiN, Si@nd Mgk is measure with Ellipsometry and the refractive

index of AIO;, TaGs, TiQ and ZnS is frorfl56], [157], [158] and[159], respectively.

Design parameters for the optimized multilayer reflective RC are listed in Tabl€ngaptimal

structure for RC is consisting of 8 alternating layers on top otél e GA optimization, only two
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materials (SiN and Sifare 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 SiO
have a high extinction coéfient at the atmospheric windo8-13 um and could result in high
absorption by proper design. The optimal structure for RC shows the theptical properties of
e=0.8&B8rmY, oao6®50&é), (¢/ a=9.41, and the treda al
with other inorganic materialb a s e d radi ati ve cool er, t he
aforementioned RC is high, which is mainly from the solar absorption of the Al mirror (7% solar
absorption for 100 nm Al ) . Adde fprther deereased 1o §.05i n
by replacing the Al mi r r8a3p myi tahn dA ge /noi r1r60.r0 .a n
using Aluminium instead of Silver during the optimization include (1) longer lifespan under
ultraviolet (UV) radiation (Al hasé 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 A layer could protect it from further corrosion and estce

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 51 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 | SiO; | SIN | SiO, | SIN | SIO; | SIN | SIO; | Al

Thickness(nm)| 153.6| 208.5| 234.6| 220 | 478 | 182.6| 98.0 | 78.7 | 100
(-13,m 0.767

Uha25um 0.081

Design parameters for the Radiative Cooler with Ag Mirror

# Layer 7th 6th 5th | 4th | 3rd | 2nd |1st | Base

Material SiO; [ SIN | SIO; | SIN | SIO; | SIN | SIO; | Ag

Thickness(nm)| 141 | 248 | 96 198 | 183 | 86 542 | 100
(-13,m 0.800

Ch32.5 m 0.050

The schematic of the Reflective Radiative Cooler is shown in Figure 5.6 (a), which is consisting of ¢
alternating layers of SIN and Si@n 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 fithess function converges
after 20 generationgteration, and the highest FOM @) can reach close to 0.8. The optimized
absorption/emissivity spectrum is shown in Figure 5.6 (g, high infrared emissivity and low
thermal absorption achieve at the same timbe high extinction coefficient of SiN and Sf@m

8-13 um supports a high absorption in the infrared. At the same time, due to theskdimction
coefficient (close to 0)f SiN and Sigdor the wavelength below 2.am, the solar absorption could

be decreased to 0.08. For getting a net radiative cooling for terrestrial applicatiorg ther a | u e
should be decreased to less than 0.05, which could be achieved through replaeiAd mirror

with Ag mirror as indicated ifable 5.1 The Al mirror is preferred in many applicati@ssit is less

susceptible to environmental degradation through oxidization.
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Figure5.6 (a) Schematic of the reflective radiative cootmstimized for 813 um range, which
consists of 8 alternating layers of Si@nhd SiN on Al mirror (b) Thickness of the
optimized radiative cooler layer by layer (c) Figure nodérit (Emissivity at the
atmospheric window &3 pm) 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 RadiatiCooler

The fabrication of the radiative cooler is straightforward, and the-gaemanufacture of the
radiative coolemvas done by using the Helios Sputter. Firsthindh Silicon wafer was loaded into

the chamber, then the 100 nm Al mirror wdsposited by utilising the DC source and Al target,
subsequently, 8 alternating layers of S#&dd SiN were deposited by using Afidquency plasma
sources (@and N) and Starget, finally the as fabricated sample was collected after unloading
process. The deposition rates for the SiSGiNand 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. Figdréap shows the photo of as
fabricated 6inch Radiative Cooler, which is quite reflective under the sunshine. Afterwards, the UV
VisNIR spectrum and mitR spectrum were collected by using the total reflection
spectrophotometer (Bentham PVE300) and themenercial FTIR microscope (Therizolet

Nexus 670, Continuum microscope), respectively.

Table 52 Deposition parameters for the reflective radiative cooler

Deposition | Targets Voltage(V) |Current(A) |Pressure(mbarn Gas Gas Flow
Materials (scan)

Al Al 470 4.3 1E10° Ar 15

SiN Si 680 4.8 1E10° Ar/N2 40/30
SiO, Si 950 10.3 1E10° Ar/O; 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 qufn and reflect over 90% dfi¢ incident solar power,

which is due to the high reflectance of the Al mirror and the low optical loss ea8@6iN within

the solar range. Besides, the RC also shows a remarkably selective emissivity for the wavelengtt
range from 8 to 13 um due to the high extinction coefficient of the, i@ SiN. Moreover, the
infrared emissivity of the RC persists to ayaangle of incidence up to 68nd remains high even

at a remarkably large angle of incident&¥, which is useful for maximizing the radiated power.
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Figure5.7 (a) Photo of as fabricatedifich radiatie cooler, and one pound coin was put next to
the radiative cooler (b) Simulation and experimental absorption spectrum of the

radiative cooler(c4 val ue of the radiative cooler with

In order to understand the absorption conttitbon 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 2Jm is mainly from h3_SiOh5 Si@and h7_Sig) which is
correponding to the high extinction coefficient range of SiConcerning the absorption at the rest

of atmospheric window 143 um, the absorption is mainly from h4_SiN, h6_SiN and h8_SiN, and
also corresponding the high extinction coefficient range of SiNtHeosolar absorption range, the
absorption is primarily from the Al mirror, because the SiN and &&almost transparent in the
visible and NIR range, which make little electromagnetic wave decay. Interestingly, the infrared
absorption contribution fom the h1_Si@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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Figure5.8 (a) Absorption contributions from each layer of radiative cooler (b) Eldatiitintensity
for intrinsic absorption at 9.46 pm, 10.22 pm, 12.16 pum, and 13.46 um, PML is the

perfect matched layer.

The electridiield intensity map for the intrinsic abgation 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 um and 10.22
pum, the intensiy of h5_Si@and h7_Sielayers is stronger than the rest of the layers and these two
layers make the mostly contributions to the absorption from 8 to 10 um, which is also
corresponding to the high extinction coefficient of Sidm 8 to 10 um (As shown Figure 5.5).

While for the given wavelength points at 12.16 pm, and 13.46 pm, 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 um.

543 Design and analysis of thin film Optl 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 18 (atmospheric windowior terrestrial application,

while the OSR is from 2.5 to R for extraterrestrial/space application.

Concerning the multilayer structure based Optical Solar Reflector, which needs a high absorption
at whole midinfrared 2.525 um. However, the SiN and Si€annot support a high absorption

below 8um and over the 13im because of the low extinction coefficient of SiN and 8i@side 8
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13um. For the absorption below @n, to the best of our knowledge, there is no suitable inorganic

optical material with hig extinction coefficient from 2.5 to @m,

0

it s

vital t o

absorption over 13im. TaGsis an inorganic compound with a high refractive index, low absorption

at solar absorption range (035 um) and high absorption at long wavelength in&rdrand far

infrared, which has been widely used for optical coating with applications on antireflection and

optical filter [157]. The TaOs was selected as a third material for broadband absorption in-mid

infrared due to its high extinction coefficient av&3 pm.

Table 53 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 TaOs | SIO; | SIN | SiIO2 | SIN | SiO; | SIN | SIO. | TaOs
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 | SiO; | SIN | SIO; | SIN | SiIO, | SIN | SIO; | Al
Thickness(nm)| 99.6 | 123.8| 134.6| 102.6| 92.1 | 136.8| 84.6 | 256.4| 64.1 | 100
Loi.szsun 0.718

Eb.32.5;m 0.071

As shown in Figure 5.9 (d), the optimized OSR structure is made of 18 layers of SN FiaDs
on Al reflector. The optimised OSR shows the good thesnpot i ¢ a |
e/ a=10.

um) ,

8 to 13um, while the h10 TA#Ds and h18 Tg0s show a high absorptionver 13um, which is

aGIR5 A M) (

radiative cooler, the upper SiN and gli@yers make a great contribution to the absorption between

2,

and

t h e Likeahe adflectivehi c k nes s

pr openrbB25es

wi t h

because the high optical loss occurs in thegJk&ayer. In the UWisNIR range, those materials own

negligible optical loss, which make tlaevalue could be as low as 0.07. Remarkably, dbkar

absorption

proves the stack on top of Al is acting as a distributed brag reflector to some eXtéht.the
combination of these three materials, the multilayer structure based OSR shows the togtnal

properties witha = 0 . GQ.718g/ae=1 0. 2,

a

of

tl mevewh a lhea ns tt heek ai so fe vt ehne

wh i mreduirements fontee OSRarget

singl e

d 0.1; target d 0.8/0.7). Due to the thickness constraints during the optimization, the total
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thickness of the stack is 2.08&and it means the OSR could be deposited on the flexible substrate

like Kapton for practical application in the near future
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Figureb.9 Absorption contributions from (a) layer hO to layer h5 (b) layer h6 to layer h11 and (c)

layer h12 to layer h18 (@jorreponding thicknesses and materials of each layer.

The fabrication of the new OSR widedayed and auld na 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 includingf)awas deposited by Dr. KairSu
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Figure 5.1Ghows 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 fi@0s is not well developed (the recipes for the

SiN andsiD; are the same as the Radiative Cooler fabrication, which show very low optical loss), so
that the refractive index offaOs is different from the refractive index database in Genetic
Algorithm. The dference between the experiment and simulation is also happened in the infrared
thermal radiation range for the wavelength over 18 pum, which is also related td & layers.
However, this multilayer structure still shows a relatively high absorptmm 8 to 18 pum, which is
mainly supported by the SiN a®8D,. Overall, the agabricated OSR shows a good thervoptical
properties witha=0.16a n d=0.70 (2.825 um), and it can defeat the metasurface based OSR
(metareflector) which shows a relativelygh same a and € while with compl
procesd147]. For solving this problem, more time should be spending on the process development

for the TaOs deposition with Helios.
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Figure5.10 The experimental and simulated absorption spectrum of OSR

5.5 Design of V@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
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camouflage and smart radiative cooling for personal thermahagement.While the current
geometries of the V&based devices are mainly basedkabry-Pérot cavityor directly depositing

VG on reflecting mirror, the emissivity tunability is not optimized to the best performance. The
genetic algorithm has been alpgd for the passive infrared device like for eaye radiative cooler,
however VQ based adaptive infrared devices has not been explored yet. As explained in the
methods section. The GA will be used here to achieve the maximirared tunabilityA e .  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.

551 Design of V@based positivedifferential thermal emissivity device
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Figure5.11(a) Real part and (b) Imaginary part refractive index of materials Mgk, Ygand ZnS,
the refractive index for ¥Hs measured by our collaborator CREO from ltaly. (c)
Optimised V@planar film on Cafon Al Radiative Cooler at different temperature by
Genetic Algorithm (d) Epl=set RadiatieCodrwahnd A
different VQ thickness

VO based positive differential thermal emissivity devicAse( mye-€owr>0) provide an increase in

emissivity with increasing temperature above the critical transition of the thermochromic material.
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V(G behaves differenstates above (Rutile) and below (Monoclinic) the transient temperature. In
the Rutile state, VEIR) behaves like a metal layer to elevate the absorption in theimfiidred,

while VOQ(M) behaves like a dielectric and is almost transparent in theiniidred. 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 V&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 eityss
devices in existing literature. Haddad et al. proposed to deposit the dit®ctly on a highly
reflective aluminium film and showed that this stack exhibits a positive differential variable
emissivityA £0.1:0.3, depending on the \W@hickness and té crystallinity[146].

For increasing the\ € |, a—PéFoa davity design was introduced for enhancing the emissivity

regulation. In a typical FP cavity, thevice is made of a dielectric layer sandwiched by the top VO

layer and the bottom reflective metal reflector (Al, Ag or Au). Different dielectric layers including

SiQ, HfQ, Si and CaFSiN have been selected to realize the positive differential theemaksivity

device, and the Ag coul-infrarddfl46r1dRn Shje d hteo A@. & oiuh dt e
as high as possible for a better devperformance. However, due to the high intrinsic absorption

of SiQ, HfQ, Si and SiN in the midfrared, the absorption below the transient temperature is
relatived>Y.B)gh whpech constrains the maxi mum Ag to
dielectric material with low extinction coefficient in the midfrared is essential to maximize the

Ag .

Cak, MgF, YEand ZnS are promising candidate as a dielectric layer for thba&ed device, since

their extinction coefficient is negligible at the atspheric window (8.3 um), so that the values of

ewrar e below 0.05 after <cal culngtFgoea5.1a @dandj(n) st need t
shows the refractive index values for these four materials taken from literdi6e, 161] After

applying the GA on the optimization of the device, the relationship between the fixethi¢kness

a n digrtwas explored, as shown in Figur 5. 1 1 nigndhows the maximem value of 0.83

when the t hi ckn engstaris® detrBasenwith the increhse toftitie, thickness

afterwards, which is because the EM wave decays more in the thickdilO

55.2 Supressing the solar absorption for the \\@ased thermal emissivity tunable devices

It should be noted fronfigure 5.11 (d)hat the solar absorptiono continues ¢ grow with the
increase of the top V&thickness. Regarding to achieve a diaye tunable radiative cooler, the

energy absorption and dissipation should be considered simultaneously. One of the challenges for
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the VQ based adaptive radiative coolingdexic i s t he hi gh s ol-25umaldes or |
to the high extinction coefficientof VO n t he vi si bl e and near inf

impossible to get an efficient radiative cooling.

The parameter o thEknesseVQadverade and incitentdightvc@mposition,
therefore, there are three way ssthickmess, dewreasingt h e
the VQ coverage by patterning the Cilm into the metasurface and placing an optical
reflector/filter on the VQ based adaptive radiative cooling device (Reflecting the solar radiation as
well as letting the midnfrared light coming through). Because the optical property of M&bw

20m can’t behave }iimaeoveasd belokw ¢the ttahsient tereperatife)so that
the deduction of the asdnstramugh decreasing th
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Figure5.12 (a) Absorption spectrum o0 nm V@ planar film on 1700 nm Caen 100 nm Al
Radiative Cooler at different temperature (b) Alpbavalue of Metasurface based
Radiative Cooler with different feature size and gap size, where solid line presents VO
at metallic state and dash line is corresponding to the &Qlielectric state (c§ and

(d) A svalue of V@based radiative cooler

For danonstrating the influence of the patterned Y@®etasurface onthe afMed, a 20 nr

planar film on 1700 nm Cabn 100 nm Al structure FP cavity design was used. As shown in Figure
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5.12 (a), the absorption spectrum of ¥kased FP cavity shows a highissivityengh=0.80above

the transient temperature in the atmospheric window atl8 um wavelength, and almost
negligibles,w1=0.03 below the transient temperature, while the solar absorption for the two states
is over 0.35, which is too high to realian efficient thermal management. Figure 5.12 (b) show the
influence of different feature size and gap distance between the adMitsquare metasurface
onthea. Itis clear seenthatthe w i sighificamtgsuppressed by patterning the continuou&»

film into metasurface compared with the planar M@m. Besides, thee v al ue wi | | be
with the scale down the feature size of tM&, metasurface andlecrease to below 0.2 when the

gap is 1.5.um and tte feature size i4.5um (filling ratio=25%), and the change of this related to

the VO coverage

Table5.4 Design parameters for the DBR, the unit for the wavelength and thickness is nanometre

(nm).

Target
Wavelength

# of

pairs

ZnS

Cak

ZnS

Thickness

Cal;

Thickness

Band
width

Wavelength

start point

Wavelength

end point

400

2.55

1.43

39.2

69.9

145.3

327.4

472.6

600

2.37

1.43

63.3

104.9

191.0

504.5

695.5

900

2.3

1.43

97.8

157.3

269.8

765.1

1034.9

1200

2.28

1.43

1316

2098

353.2

10234

1376.6

Figure 5.12 (b) shows the changesof wi t h fehture bize ared mdp distance,tke at col d
state remains constant around 0.03 for both the planar film and patterneghvéasurface, which

is because the low extinction coefficient of ¥ dielectric (monoclinic) state. For the hot state of

the VQ metasurface, the FP cavity is generated between the metallig an@ Al reflector and

ng the

met asur face

enhanci overall infrared absorption. The
g #spalsodasssciaet witle dehasedvO, | owe r €,
cal cul at e dengh; ¥=80® i ng ¢
EowtAlt=30 ALdtshowddtba noted tifat there is a traedsf between thea

0 Fgwee b2 (B) andiid), the lower ofthe a n d

of |l arger

coverage and results in a lower absorptidheA € i s at

mi t he

andA €

nus

as t he Alegwenmhiocfh tihse

because the low V{xoverage will have a negative impact on the infrared absorption.

Thea iillgelagvely high after decrease of th& thickness and coverage, and the deduction of

ng
keep a

o by wusi these two methods wil |l hAav.e Tao naecgha teivvee

alowera and good

on top of the device and just let the midfrared electromagnetic wave incident to the Ykased
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device.Prof. Shanhui Fan group from Stanford applied the 11 alternating layers of Ge and MgF
selective filter abovéhe VQ based FP cavity, this filter was almost transparent in theinfidired

but will not let the light from visible to NIR pass throj@H8]. 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 highransmittance over the midnfrared. 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.

Low a Low a
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b)

Dielectric VO, Metallic VO,

(a) (

High a High a
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W AN ’
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(© (d) oor
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Figure5.13(a) Schematics of \d@Planar film on Cafon Al Radiative Cooler at different temperature
(b) Schematics of \\Mlanar film on CaFon Al Radiative Cooler with a stack of
Distributed Bragg Reft#or on top at different temperature (c) Structure of Distributed
Bragg Reflector (dj and A awith and without DBRthe top blue lines refer to thé ¢
and the bottom four red lines witlsquare/star refer to the Alpha value withand

without presence of BR.

The Distributed Bragg Reflector (DBR) is thedinensional multilayer photonic crystals and made

of alternating two (or more) materials with varying optical refractive ind®2, 163] The DBR will
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act as a good optical reflector for those electromagnetic wave vacuum wavelengths clagsads 4
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 thBRD 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 Si@ill cause a high absorption in the minfrared, which will have a
negative effect on th 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 éwitiscontrast,
secondly, the real refractive index difference should be high for decreasing the total thickness of

DBR.
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Figure5.14 Absorption spectrum of 15 nm @lanar film on 1700 nm Cabn 100 nmAl Smart
Radiative Cooler (a) without DER€0.77) (b) With DBRA(£0.76) Absorption
spectrum of 30 nm V&planar film on 1605 nm Cabn 100 nm Al Smart Radiative
Cooler (c) without DBRA(£0.64) (d) With DBRA(£0.71)

Figure 5.13 (a) and (b) shaihe schematics of V{based thermal emissivity tunable devices with
and without DBR, the purpose of introduction of DBR is to efficiently suppresstheeh i | e | et s t he
mid-infared EM waves passe through. The DBR is made of 32 layers ah@&ZRS with ta design

parameter shown in the Table 5.4 and Figure 5.13 (c), which could efficiently reflect the incoming
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Figureb.15 Spectrum of optimized Distributed Bragg Reflector with total thickness 1602 nm

Figure 5.14 (a) and (b) present the absorption spectrum fodtham V@ planar film on 1700 nm

Cak on 100 nm Al tunable device before and afapplying the DBR, it is clear that the solar
absorption is well suppressed by the DBR, with = Q Figluré 5.14 (c) and (d) show a thicker 35
nm VQ film on 1605 nmCak on 100 nm Al, witltthigh= 0 . 1

and

Ae =0.

71.

Table5.5 Design of broadband Distributed Bragg Reflector with high infrared transparency

# Layer 1 2 3 4 5 6 7 8 9 10
Material ZnS | MgF; | ZnS | MgF2 | ZnS | MgF: | ZnS | MgF: | ZnS | Mgk
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 | Mgk | ZnS | MgF; | ZnS | MgFR; | ZnS | MgF. | ZnS | MgF
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 | Mgk

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 advaalgedithmto design the

DBR. Oniriode etc, applied the particle swarm optimization to design GaN subwavelength grating
for getting two band reflectance at twaentre wavelengths at visible range 500 nm and
telecommunicationwavelength 1550 nm[164]. However, theeffective reflectanceranges are
constrained near this twaentre wavelength. Here, to prove the versatile of the GA, a BER

high reflectance over the visible and high transmittance at the atmospheric windd8 (8 is
designed. The optimized goal is to reflect the visible range-{&80nm, where takes 50% of the
solar energy), and as well as keep high infrared transmittaover the 8.3 um. The design
parameter is shown in Table 5, which is consisting of 22 alternating layers of ZnS andhégF
total thickness of the DBR is just 1602 nm, and the reflectance over the visible r&iga+96.1%

and the transmittane over 813 pum iSTinfrarec= 85.2%.

5.5.3 Design of V@basednegative differential thermal emissivity device

For the optimization of the Vfbased 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 onedagélectric with a

stack. The thickness of the top Mim 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 devicegnd the device owns high absorption/emissivity at low
temperature and low absorption/emissivity at high temperature, and achieves negative differential
thermal emissivityA £0.57, which can beat the current best performarneegative differential
thermal enissivity 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 thdal@v
transient temperature and at monoclinic phase, the \M#@haves likea dielectric and is quite
transparent in the 8.3 um. The high absorption mainly comes from the underneath 7 layer of SiN
and SiQ which is acting as a radiative cooler for providing a high emissivity. For thabd@e
transient temperature and at rutilphase, the 150 nm \@ehaves like a good infrared mirror, and
the absorption from the underneath radiative cooler will not pass through the Ve V@show

a high reflectance and low absorption, the 20% absorption over tb& @m is mostly coming from

the intrinsic absorption of VQtself. So that the negative differential emissivity device can be

achieved.

80



Chapter 5

(a) (b)

LowT

High T
Lowe

Dielectric VO,

Metallic VO, 081

58.1nm Si0, 58.1 nm Si0, -
S 064
S
g
174 nm Si0, 174 nm Si0, ]
g&%

199.8 nm SiO, 199.8 nm Si0O, 02

148.4 nm SiO, 148.4 nm SiO, 0.0
’ 3 4 5 6 8 10 13 20 25 30
Wavelength(um)
(b) 0 5 0 15 20 25 x (d)

096 | T ‘ ‘ ]
064 — VO, (M)
032 —‘h . E
000 b A

F k —sio, ]

— SiN

Absorptance

0000000000000 000000000000000000
Absorptance

oD DDD0D0OOED=L=0O=NO=WARDNEDD=NL
ORM2OCSISO0O3INVSINCONONONCUNC WO NG

810 1315 20 25 30
Wavelength(pm)

8 10 13 15 20 25 30 0 5
Wavelength(um)

Figure 5.16 (a) Layer thickness of 150 nm )®@ased 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) Mdimic VQ and (d)

Rutile V@

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
t h absor pmi eni {iot=w13QuBEvas ad T

designed and ongo fabricated, the structure is based on the 8 alternating layeiSi@fand SiN

W i the |l ow sol ar
on Al mirror, the reason for the high emissivity in the infrared is from the high extinction coefficient
of SiQ and SiN beteen 8 to 13 um. Besides, the design of thin film Optical Solar Reflector (OSR)

for radiative cooling of spacecraft were proposed, the OSR is made of 18 lay®if3, &iN and
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TaOson Al with ther mal opti cal-25pumpte bightabsaiona=0. 071 an
over 13 um of OSR is due to the high extinction coefficient fisTa

Two infrared emissivity tunable devices were also reported. Thebd€ed positive differential

emi ssivity device with Aeg>0.8 wabe dasitgnewlO and ar
Di stributed Bragg Reflector (DBR) was introduced,
Ae=0.75 by wusing the manual |l y dewiichgblegaiati2eB R, whi ch
cooling device Moreover, the DBR is also optimisby Genetic Algorithms for broadband high

reflection in the visible, high infrared transmittance and thinner total thickness, Righe—= 96.1%,

Tinfrared= 85.2%48-13 pm)and total thickness=1602 nriinally, theVQ based negative differential

emiss vity device was demonstrated wdddptiveiraredd . 57, whi ¢
camouflage applications. Overall, the Genetic Algorithm is a very useful and powerful tool for thin

film optics application.
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6.1 Thesis Conclusion

The goal for this thesis is ttesign, fabricateanalyseand optimizemetal oxide baseglasmonic
metamateriat for the applications on the infraredpectroscopy and thermal managemeithe
first two chapters discussedbout the background design, fabrication characterizationand
optimization for the infrared optical deviceShapter 3, 4 and 5 are the experimergalts. Chapter
3 proposed a newOxygenplasmapatterning techniquefor metasurfaceand demonstrated this
patterning methodcould get almost consisterdabsorption spectrum as the traditional etched
metasurface while keeping the surfadat and invisible to human eyeChapter 4designed,
fabricated and characterizetivo different visualy transparent thermal emitterwhich could be
applied for the passive and selflaptive thermal radiation while keeping the high visible

transparency the AZO bsed thermal emittershows70% visible transparency and0.8 infrared

emissivity and the V@based thermal emitter showg1% improvement of solar transmittance

(reaching62% solar transmittangeand =0.26infrared emissivitycontrastafter patterning the

VG bulk film into themetasurface Chapter 5 combinethe genetic algorithmand the tranger
matrix methods for theoptimization ofoptical devics, several optical devices based on multilayer
structures aredemonstrated Thereflective Radiative CooléRL)and the Optical Solar Reflector
(OSRyvereoptimised and fabricatedhe RL showthermal-optical propertiest =0 .add@ 0. 76 7
(8-13 pm)while thin film OSR shows=0.16a n &0.70 (2.525um), the as fabricatethin film OSR
shows a comparable thermal optical property as the metasurfaased OB (0=0.16a n d-0.7)
andthe onego manufacture ability of the thin film OSRmsich more promising for the lowost
(without lithography involved)and largescale manufacture capability for thefuture thermal
control of the spacecraftBesides,two V& basedinfrared emissivity tunable devices were
proposed with the goalfor maximizing the emissivity contrasind showsinfrared emissivity
tunability >0.8for the positive differential emissivity deviemd =0.57for negative differential
emissivity device The aforementioned differeninfrared optical devices prove the robust and

versatilty of applying the GA for the optimization of thigin film optical devices.

6.1.1 SImulation and optimization of optical devices

In the Chapter 4, theumeri@al FDTD solutions was used for the device simulation and optimization
The structure is based on the Salisbury Scredrich is made of dielectric Si@layersandwiched

by top metal oxide laye(AZO or V&) and bottomvisible transparent AZ@yer. The optimization
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routine can be described below: Firstihe material for each layer of the stack was carefully
selectedaccording to the principle of the Salisbury Scretde high carrier density AZO was used
for the bottom reflectorand topmetallic layerfor its high visible transparency amigh infrared
reflectivity, andthe SiQ was selected for the dielectric layer because otitse to zero extinction
coefficient in the visible anstrong phononrpolariton resonane in the midinfrared range besides,
the CMOS compatibility and easy/stable deposition method makeaSi@ good candidate for the
dielectric layerSecondlythe thickness of each layer 8Z0/SiQ /AZOstackshould be determined,
the SiQ could be calculated by thgguation 4.4 andhe thickness of the top and bottom AZO layers
were optimized byutilising the sweeping function in theFDTD solutionsThen the dimension
(width and gap)of the top AZO metasurfacerere also optimized by thewseping function for
enhancing the infrared emissivity with plasmonic resonafaeally, the ideal candidates with good

thermal optical properties were selected for fabrication.

The developed simulation and optimization routine was utilised for thertir@remitter design with
aim of high visible transparency and high infrared emissiyity emissivity contrast)And the
impetus for the device optimization is developing from already known physical effect or
mechanism(like Salisbury Screen and FP cayithe highest infrared emissivity and visible
transparency could benatched by changing the few sets of the design parameteratdrial,
thickness, and structuje Thisroutine has beenapplied for a lot of device optimizatioand
provided researcher witla widely exploited litary databaseHowever this prototypicalmethod
has primarily relied on the intuitichased ways, which is difficult to apply for achieving the best
performance of the devicesbesides this methods also facing a challenge athe gradually
increasing complexitas the scope of the optical deviceare developingto the broadband or
multifunctional applicationsThanks to the advent of thadvanced algorithm in the computer
science areaapplying those advaed algorithm for theoptical devices optimization becomes
feasible and can significantly increase fheedom of design and boost the design efficiency. In
Chapter 5,the nature inspiredGenetic Algorithm(GA)was combined with the Transfer Btrix
Method (TMM) for the optimizationof thin film multiple-spectral infrared optical deviseTheGA

is responsible for the generatiray set of chromosomegvith different thicknesses and materials
combinationsandevaluaing the best offpring for the next generationptimizationand the TMM

is used tocalculate the correspondinthe optical properties (Reflectance, Transmittance and
Absorbancepnd send back to GA for the evaluation pro¢esdy thechromosomes with highest
Figure of Meit (FOM)will be selected and passed on to the next generatibme FOM could be

defined separately for differenbptical device with desired optical propertidke Maximum |,
Maximum ,Maximum / or Maximum visible reflectangédecause of theesign feedom of the

FOM, the multiplespectrum optimization could bachieved TheGA is helpful for the discovery of
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optimum structurein instances compared with the traditional experiedz@sed and intuition
basedstrategies.Besides theoptimization of the Radiative CooleDSR and/Q basedinfrared
emissivity tunable devicesve havealsosuccessfully demonstrated theilization of GAand TMM
for the Distributed Bragg Reflector desigith broadband visible reflectance and high infrdre
transparencyand achieve®6.1%visible reflectanceand 85.2%infrared transmittancg8-13 um)
besidesthe total thicknessvas constrainedo 1602 nmby setting the maximum thickne$sr each
layer.All of the examples show in the Chapteprove thehuge potential of the Machinkearning

for the photonics design.

6.1.2 Device fabrication andcharacterization

Proposing a god photonics design ithe first step forgetting a photonic devicelhe fabrication
and optical characterization were done fothe etched metareflector, plasma patterned
metarefelctor,AZO and V&based visually transparent thermal emitidRadiative Cooler and OSR
In Chapiter 3we proved he optical properties of AZO could k&ongly tunel by exposure to
oxygen plasmand themodulation could reach Brdersof magnitude verified by electrical and
optical characterization (Hall Measurement and Ellipsomefffie plasma patterning technique
was demonstrated to locally modulate th&ZO carrie concentration without resulting in a
topograplical profile which was verified by AENBEMand FTIRThe etched metamaterial based
OSR(metaOSR)and the plasma patterned met®SR were fabricated through the materials
deposition Ebeam exposure and etitg process the device fabrication involves several
equipment including ALD, PECVD, BBinner andRIE This two metaOSR devices show equivalent
opticalabsorption spectwhich proves this patterning techniquan be a new method for forming
the novel photonic devices through selectimeodulation of the optical property of AZQOwyith
potential applications on the optical labelling and artiunterfeiting. The fabrication of the AZO
and VQbased visually transparent thermal emittielows the samerocess. The difference is that
the devicewould be possiblgxposed out of focum EBL system due to its high visible transparency

whichcould be avoided by notifying the technician before the exposure task.

Due to the high complexityand costof the devicefabrication for the patterned structure, the
multilayer structure is considereth the Chapter 5. The GA and TMM were used for the design of
the infrared optical deviceswe successfullgne-go fabricated the Radiéve Cooler and OSR with
the indugrial-level Helios Sputter systemnwhichdoes notinvolve in the complicated lithography
processor changing the equipment during the whole device fabrication, so that the film quality is
ensured without breaking the vacuum between each lajée fabrication cost and time could be
significantly reduced compared with theatterned structure. Once the g®sition rate the

refractive index of thdilm and the recipeare fixed, thedevicefabrication could be finisheth
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several hour by just using one equipmeéiné Helios SputterThesuccessfully demonstration of the
fabrication OSRaves the way for théargescale 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. Radia@amling, as one of the new thermal
regul ation methods which was experimentally demonst
has attracted a lot of research interests. Unlike most of the researchers in the area of radiative
cooling, most of the optidalevices 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. Duthdéodramatically
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 smatiermal regulation (smart radiative cooling film) that we
could explore, so that pushing our research into realitgc@nmercialization. Besides, the idea of

smart cooler for terrestrial will be presented.

6.2.1 The vision for the practical application of themart radiative cooling
/New Materials N Terrestrial Applications
PEDOT:Sulf, VO,, Low Cost Building
PNIPAM |:> High Performance Veh'dTS
New Methods Multifunction Agriculture

Machine Learning/ Wearablg Prodgcts
Advanced Algorithm Electronics Devices

. /Extraterrestrial\
New Technologies

Nanoimprint, Sputter, Lower Cost

Roll-to-Roll printing :> Flexible Applications
New Structures Lightweight Satell

" atellite/Spacecraft
Higher Emissivity Long Qlfrabllltv
Lower Solar Absorption Tunability (Ag)

\Metasurface / \ Multifunction /

Figure6.1 Vision for pushing the practical application of the smart radiative cooling film

Commercial Aerospace

As shown in Figure 6.the practical application of themartradiative coolindilm could be further
achievel by consideringollowing four partshew materials, new methods, new technologies and

new structures. For the new materialpart, beside thevQ, other materials like PEDOT:Spibly
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3,4-ethylenedioxythiophene:sulfaje[165] and PNIPAMPoly(Nisopropylacrylamide)[166] are
promising forthe smart radiative coolindror the new methods part, machine learning, deepnad
network and other advanced algorithm could be combined with photaleicicedesign For the
new technologies part, some advanckdrication technology like nanoimprirgputter, and RoH
to-Roll printingcould decrease the fabrication cogtor the new structures part, some metasurface
structuresand other simple structurewith higheremissivity andower solar absorptiomesigned
by machine learningould be adopted.The smart radiative cooling film could be applied on
terrestrial and extraerrestrial, while thefilm should meet different criterialFor the terrestrial
application, ost and the performancarethe biggesiconcerns during the materials selection and
design the potential applications includingpr the building, vehicles, agriculture, wearable
productsand electronics devicedVhile for the extraterrestrial or space guication,the durability,
flexibility, tunability and weight should be consideredwith potential applications on the
satellite/spacecraft and commercialemspace Furthemore, the multi-functionality is also

necessary for some applications like intagrg with infrared camouflag&unction[129].

6.2.2 Smart cooler for terrestrial application

— Sy
y -
| 4 //‘\'\ v

Figure6.2 Schematic of Smart Cooler as an example to apply on the buildirenérgy saving

purpose.
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We have demastrated the smartradiative cooling in our previous wofk45], which is for the
space applicationTheidea ofthermochromicVQ: microspherebasedsmartradiative cooling film

(called smart coolerpr the terrestrial aplicationwill be shown here

TheSmartCooler is a radically new type of thermal management film for terrestrial applications,
like buildings, vehicles, and agriculture, which combinesaskdptive thermal emissivity and high
solar reflectivity. The smart cooler is a duabde film, hot modewith 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 gh cooling power contrast in different temperature, which is an ideal
product for maintaining human thermal comfort and enetgpving purposed:igure 6.2 shows the
schematic of Smart Cooleburing the day, the smart cooler has a high cooling power tsijite

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.

High Temperature
VO, Microsphere

High 8 Low Temperature Low 8

VO, Microsphere

Figure6.3 Sthematic of duaimodel Smart Cool€ilm.

Inspired by the work of Retb-Roll manufacture of th&iQ microspheres based radiative cooling

film [100], the smart cooler could be possiliabricated through the same methods, as shown in
the Figure 6.3 Tungsterdoped V@ microparticles (with transition temperature near room
temperature)are randomly distributed into a visibly transparent polymer and then manufactured
by Rolto-Rdl processing (a lowgost processing way for largeale manufacture abilityyvhen the
temperature is above the transition temperature of ¥Elgure 6.3left), it has a strong phonon
resonance and causes high thermal emissivity (high cooling power), while the temperature is lower
than the transition temperatur&igure 6.3right), the thermal emissivity keeps low with low cooling
power. For the solar radiatiorthe smart cooler is backed withraetal reflectorand couldreflect

all the solaright for avoiding the solar heating during the d&@wing to the flexibility of the film
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substrate, the smart cooler film could be easily applied for building, vehictepbof greenhouse
through glued the film on the surface. Due to the thermochromic properties of Tungkipad

VO, there is no need for energy input for enabling the smart cooler film. The high contrast of the
cooling power above or below the transitidtemperatureand the low solar absorption coulske
possiblyachieved through properly selecting the size and composition of the Tungsiged VQ

microparticles.

A lot ofresearchersay’ hie twenty-first century is the centyrfor optoelectronics. There are a lot
of interesting aredo further investigaten the photonicsand the commercial productsbout the
radiative cooling and thermal regulation devices will come into the maskett the collaboration
between thematerials scientistoptical designer, andabrication expertsOur life will be changed
with the development of thephotonic devicesand hopehe work of this thesis could make some

contributions
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