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Abstract

Herein the design of transparent heat mirrors for enhanced solar thermal applications is presented.
Dielectric mirrors are considered to function as infrared mirrors that reduce heat losses in the
receiver of solar concentrators. The alternating layers baen designed to selectively reflect

light strongly over the infraed spectral region while being highly transmissive towards solar
irradiance. This is achieved by designing the interfaces between theahdtow index films

within the dielectric miror to have a graded refractive index profile. Three different graded index
profiles are considered including: 1. a linear index variation, 2. a cubic index variation and 3. a
quintic index variation. The effects of altering the dielectric mirror paraseteits performance

are investigated. Accordingly, the sensitivity of the transmittance and reflectance spectra of the
dielectric mirror towards its number of layers, resolution of the refractive index profiles, refractive
index, number of stacked dieldactmirrors, absorption, and incident angle of the incoming light

is analyzed. Results show that a single stack infrared dielectric mirror coated on top of the receiver
of a solar concentrator system operating at 500 K can increase its power electritiaetgr

more than 60 % and using a triple stack design can increase the power by more than 100 %.
Furthermore, consideringtgpical Dish-Sterling system operating at a temperature ofOB81K,

the electricity generated can be increased 8§ % by coatng the receiver within the system with

the transparent heat mirrors designed in this work.
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1. I ntroducti on

1-1. Global warming

Accelerated global warming duedeceen house gd&HG) emissionss an important moderday

challengeThere are several factotisat contribute to GHGemissiongn Canada and around the
world. Approximately 80% of GHG emissiorfeom human activities are related to energy
consuming activities including transportatiolearicity production, building heating and cooling,

goods production and operations [1].

1-2.  Global energy usage
In general, two different kinds of energy usage statistics can be considered for compeansoy
energy usand secondargnergy usePrimaryenergy useepresentshe total energyequired for
all energyusers and £condary energy usethe energgonsumedy theend usem the economy.

The global total primary energy supply (TPES) in 2015 was reported as follows:

o FossilFuels: 81% (oil 32%, coal 28%, natural gas 22%)

0 Renewables14%

0 Nuclear 5%
Comparatively, Canada TPES irR015is shown in thepie chart inFigurel-1. As can be seehe
total primary energy supply in 26ivas11493PJ Fossilfuels(natural gas, crude oihatural gas
liquids and coalmade up 3% o f Can ad a 05 Reiledbl8 engies aczdurited for

more than 17% and nuclear power contributed to almost 10% of this energy supply.

As for the secondary energy usehich is the energy used bihe final consumerCanadad s
secondary energy use in 2015 weatimatedo bearound9,013 PJThis amount shows aboanh

11%increasdrom 2000 to 204%.



Other Renewables

Crude Oil and NGLS
30%

Figurel-1. Canadés total primary energysupply by source2015 [1]
Generally due toextremeclimate changedarge land mass, ardiscretepopulation Canadians
consumemoreenergythan citizens of other countriebhe piechart inFigure1-2 showsthatout
of atotal of 9,013 P.bf secondargnergy usage in 2015 in Canada% was provided frorfossil
fuel combustionwhile electricity accouned for 20%, followed by biomassvhich accounted for

6%, andother fuel types such as coal and natural gas licacdeunted foB%.

Electricity

Natural Gas
20%

31%

Other
3%
Biomass
6%

Total:
9,013 PJ

Motor Gasoline
17%
Figurel-2. Canada'secondaryenergyuseby fuel type 2015[1]

Another important element in this statistical comparisoto consideithe energy usage in the
different sectors. In 201%,1% of all primary energyas transformed into secondary energy

wherethe energyconsumption withireachsector is as follows:
o] Industrial: 39.4%

o] Transportation: 29.6%



o Residential andCommercial: 28.2%
o] Agriculture: 2.8%

Looking forward to futurelemandsfFigure 1-3 shows thetrend ofenergyuse inthe industrial
sectorfrom 2010to 2040 [2,3]. For the reason that fossil fuegage can result in dage to human

life, particularlyecologicalissues concerning with these fyetsodern industrieare not attracted

to consumeconventionafuels anymoreln contrast, usingenewabé energybasedechnologies

in productionscan result in a significant reduction the greenhouse emissiorfsigure 1-4
represents GHG emission from renewable and conventional electricity generation technologies.
The data useHtereare based othe maximum emissiosifor renewable energyourcesandmean

values forconventionalelectricity generation technologie&s can be seen, tide cycle GHG
emissions in conventionalectricity generatiorsourcesare reasonablyhigher than those for

renewabldgechnologie$4].
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Figurel-3. Global industrial sector energy consumption dugiagQ 2040[3]
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While Canadads dependenamall irocompérisom soi thglobhl fossil feel i s
consumptionijt is still hugeandaccording tarigure 1-5, which is illustratingCanada's national

GHG emissions in megatons of carbon dioxide equivdlé@keq) from 1990 to 2016Canada
emits~ 700 megatons (Mt) oCO.eqevery yeaf5]. Consequently, conventional energy supplies
should be replacedith renewable energies and new systems have to be industrialized and used in
companiesFurthermoreresidentialand commercial sectors contribute to almost 30% percent of
energy usage in Cada as building heating and cooling loads contribute largely to energy
consumption an@HG emissiond1]. Therefore, more energy efficient systemssng renewable
energy resourcesme also required in the residential and commercial saatorger to redceour

daily energy usage.
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Figurel-5. Canada'$SHG emissions irmegaton®f CO; eqfrom 1990to 2016[5]

1-3. Renewableenergy resources

Globalenergy resourcesan be dividednto threetypes fossil fuels, renewablenergyresources
and nucleapower.Usually fossil fuels areoal petroleum and natural ga&l [ Renewable eneyg
sources, also referred to as alternative energy sowarsheused to produce energyithout

depleting the energy soursach asolar, wind,andbiomass energjr].

Although there are challenges involved witlsing enewable energyesources including
intermittency, cost andlomesticand environmentatestrictions they canpotentially provide
energy services withegligible emissions oflGHGs and air pollutants.Advances in renewable
energy based technologiedll open a new area betterresolve theecentsignificantchallenges
such asmproving energy supply reliabilityna organic fuel economsgolving problemsegarding
water purification, improving the standarslof living and civilisation in remotezones, ensuring
sustainablgrowth in the remoteareadike desers and mountais, andencouraging countries to

be responsite to the international agreement®ncerningthe ecological andenvironmental



preservatiori8]. Interestingly,usingrenewable energgystemsn rural areas caprovide more
job opportunities andliminish immigration towardscities in the long term[9]. For instance,
renewable energy harvesting can bgreatsolution forsmallscaleenergy needs in a reliable,

reasonablandnaturallysustainablenanner{ 10].

1-4. Solar energy

Among all the renewable energy resources, solar energyndoubtedlythe largestuseable
resource, providingne of the cleanest energy resourdetrestingly the suremitsmore energy
in one second #m people have used since beginnaigime. And theenergyprovided bythesun
in an hour to the eartls much higher thaall of the energyusedby peoplein a completeyear
[11,12]. Theamount oenergyreceivedrom thesun has beesstimate to be intherangeof 1,575
to 49,837EJ/year which is approximately3 to 100 timeslarger tharnthe world's TPESin 2008
[13]. Despiteits abundance and environmentally benign qualise&rpowercontributionto the

global energy supply is stilfivial [14].

Solar energy ithe most abundaniree andheclearest renewable energgsourcevailablewhich
doesnotcontributeto global warmingand does nanake any noise or any kind of pollution to the
atmosphereSolar energy islsoc al | ed fAal t er n audels sueh agetmokeungpydd t o f
coal. Due to considerations of a loitgrm world-wide energy shortageand thedestructive

ecological effects of fossil fuel energy sourcesolar energy habeen considerednuch in

researches and experiments doneehgineering scidists Therefore, in the next stepsmore
investigations should be considereddperativeandcommerciaimethods to capture and convert
solarenergy into useful energnd storet in onlarge scaleto be usedaterin othersystemg15].

The growinglack of fossil fuelresourcs has raisegrevalentattention towardsolar energy16-



18]. Currently around46 nationsareenthusiasticallypromotingsolar energybased technologies

[13].

Anotherimportant aspeodf solarenergyis related topresentefforts to diminish global carbon
emissions, whiclhas been a maj@&cological social, and economic isstleoughout the worléh
recent yearsBesides,global agreementssuch asthe Conference of Parties 2Xan deter
environmerdl changeand will enableadvance in sustainable energlyased system® ensure a
sustainable future for the plarj@,20]. Forinstancereports showed that in California, USBO;
emission$iave been reduceédroughtheimplementatiorof 113,533 solar systemsostlyin small
scaleq14]. One strategy that Californtaenefits fromis to accept electricity generatiam small
scalecaseausinga feedin tariff (FIT). Accordingly, for a specific duration, electricity generators

such as homeowners are paid based on the size and efficiency of their &jgtem |

Solar energy has beemdely implementedunder sunny conditions warmdeserizonessuch as
Africa, the Middle EastChing the USA and AustraliaOtheradvancesan be found irmore
humid environmentsuch as SubSaharan Africa, South Americsouthern AsiaandEurope as

well.

Considerindocations withcold weatherand less solar irradiancgolarenergy resourcegsanalso
be usedin these situationsbut it is alwayschallengingin terms of share and impadt the
feasibility isreasonablethenquite a lot offactors need to be considergulior to optimizing such
systemsFor instanceatypical house designed in a way to ss#arenergyin Canadaanlead to

an improvement iknergy consumptioby 217 32%[19].



1-5. Different types of solar energy technologies

In general, slar energytechnologiesan bedividedinto two differentgroups activeandpassive.
Furthermore, etive solar energgystemswhich are mainly used for energy harvestiogn be
categorizednto two areas 1. solar photovoltaiccells (PV) and 2. solar thermatechnologyor

concentratedolar thermal power (CSP22].

Generally,CSP technologies use a distirling systema parabolic trougha solar power towesr

linear Fresnel reflectors to concentrte surs raysandharvest heatvithin a heat transfer fluid

(HTF) to be converted telectricityin a turbing[23]. Alternatively, solarPV systemsausesolar

cells to directly convertsolar energyinto electricity The installed cosbf PV electricity is
significantlydecreasinglue torecentupgradingof PV technologieshoweverjn comparison with

CSP systemthe energy conversiogfficiency of commercial P\panes is challengingyet For
comparisonthe CSP facility locatedn Gelaandthe PV plantin Luxor are considered-or the

same nominal energy output, the CSP system illustiatbigher electric power generation
compared tahe PV plantwith output 0f40.7 GWh and 10.6 GWh, respectively. Although, the
overall efficiency of the CSP is higher than the PV modules, due to the smaller occupied area the
PV installation represents higher land use efficiency. Accordingly, considering the same area for
both metlods can result iahigher electricity production by PV modulesachingo 70.5 GWh

The main drawbackof PV systemsis the failure of power dispatch due tthe energy storage
challengeas it will cog a fortune to consider the energy storage systeV/ system$23, 24]. A
CSRbasedsystemhas more potentiab dispatctenergycompared t@ P\-basedsystemas it can
provide electrigty duringnightusing thermal energstoragg TES)systenmoverdaytimeat a lower

cost On account ofhe hugecapacity ofTES systemdor electric energy supp)ya CSP systens



now the primarychoice tooffer flexibility for power generatioand service at a large scale (>100

MW) [25,26].

1-5-1. PV technology

There areaumerougsolatedareas in the world where electpoweris rarelyavailable, but solar
irradiation isabundantthus theuseof solar energy to produce electricity in these areaglite
advantageouf7]. Capture and conversiaf solar energynay beaccomplished bVs[28]. PV

conversiorcan be defined abe direct conversion of sunligimto electrical energy29].

PV systemsarequitesimple in design and themainadvantage over other energy sourisdbeir
structureas stanehlone systemsvhich canprovide from microwatts tomegawattsof electric
energy PV deviceshave long service timesand low maintenance cost€onsequently the
technologycan beused as a power geneyatfor various operations ranging from small scale
systems to large plant® remote buildings, in solar home systems, for satebitelsspacecrafts
for reverseosmosis in plants, and even for megavsatile power plan{80]. Themainchallenge

here is tasignificantlyreduce the cost per &t of energydelivered bysolarenergy systerfiL(].

PV is presentlya theoreticallyand practicallyrecognisedechnology able tproduceand supply
electricityin short/midtermby means ofolar energy. However, thresentPV installations are
still trivial [31]. The International Energy AgencylEA) estimatedthat the solar power
contribution tow o r |lekdrisity generation b2050will be 11% andthatsolar electricitywill

account forapproximately20% of theglobalenergy supply by 2050 ared% by 2100.32].

Dueto advancing P\technologyandhigh levels ofinancialsupport thePV market is nowbeing

rapidly developedand distributecéround the world, especially in Europe, Chamalin the United



Statesand even in Canada3-37]. Figurel-6 shows aypical solar PV system provided by Enviro

Energy Technologies located in Cambridge, Ontario, with 98,000 kWh electricity generation

Figurel-6. A typical ®lar PV systenprovided byEnviro-Energy Technologies located in Cambridge,

Ontario, with 98,000 kWh electricity generatifReprintedwith permission fronRef.[34]).

1-5-2. Solar thermal technology

The earth interceptapproximately 1.810'* kW of the energy emitted bthe sun at a rateof
3.8x1072 kW [38]. Concentrating solar powear lar thermal electricit{STE) is unique among

all renewableenergyresourcesasit can simply be coupledwith TES and conventional fuels,
making itextremelyflexible [39]. Since 1985CSPhas beemusedcommercially and iproduces
electricpowerwith a thermal powecyclelike the oneused intypical fuel-operatecpower plants
[40]. Generally a CSPuses solar collectors and concentrators to gatwerradiation, store it and
useit for heatingfluids such asir or water[6]. Passive solar energy can be presented based on
theconceptdor heating under cold climatealthough buildingsin suchareasaregenerally vell-
designed tmvercomethe cold asimplemethodfor usingpassivesolar energy is by optimizing
buildings including the color of the walls and roof for a better absonpyiv addition of

infrastructures to the existing buildings and modifying the shape of the bilEwen integrating
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a limited number of these changes can have a significant effect towards reducing energy

consumption.

1-5-2-1. Main CSP technologies

CSPtechnologesutilize four maintypesof solar concentratorparabolic trougltollectors(PTC),
solar powertowers (SPT) linear Fresneteflectors [FR), and parabolic diskollectors (PDC)
(Figure 1-7). Also, they can be classifiedased orthe receivets position andhe way they
concentrag solarradiation[40]:

1. Systemswheren the solar irradiance is trackedong one axis and focusedbng one axis
referred taas thdine of focus includingparabolic trough and linear Fresnel systems

2. §ystems wheria the solar irradiance is trackatbng two axesnd focused onto a point, such

astower anddish systems.

Parabolic Trough  Linear Fresnel Reflector (IFR) Central Receiver Parabolic Dish

Solar Tower

Curved
Mirrors
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Figurel-7. The main STE technologiéReprintedwith permission fronklsevier,Fig. 1, [40])

In towerandlinear Fresnetystemdhereceiver is fixedwhile indishandparabolic trough systems
it is moveableThedirect solar radiatiom a parabolic trouglsystems focusedoy areflector onto
a receiver tubéhat runs along the line of focughe reflector in this system hagarabolically
curved trouglsha. The heat transfer €élid (HTF) in a parabolic trough systemwhich isusually

syntheticoil, is heated bythe solar irradiance that moncentragd onto thereceiver tube The
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system uses theeatedHTF to generate electrigowerwith an existingsteangeneratoandturbine
system Parabolic trouglsystens can also beoupledwith conventionatoatfired plants #1].
Solar power towergenerate electric powdrom the insolatiorby means ofnanysuntracking
mirrors, commonly called heliostatsEach heliostat reflects the direct portion of the solar
irradiance onto aeceiver located at the top thfe tower [40]. In a typical solar power towemhe
HTF is usuallymolten salts or water/steafhhereforeasthe HTFflows through theeceiverit is
heatedoy theconcentrate solar irradiance incident onto the receiv@nally, the HTF isused in
asteam generatdurbinesystemto generatelectricpower.

In alinear Fresnesystem plane(or to some extentounded mirrors are locatedon trackers to
reflectthe direct portion of the solar irradianoeto a receiver tubcatedalong the focal line
directly abovehe mirrors.Further concentration of theflectedsurrayscan be achievedsing a
small secondarparabolic mirromountedatthe t@ of thereceiver.

Parabolic disitechnologyutilizes a concentratom the form of aparabolieshapeddish with a
focal point Using thisdish the systenreflectsthe direct portion of the incident solar radiation
onto areceiverocatedat the focal pointin aparabolic distsystema two-axis tracking systens
used, and &eat engine mounted on the receid@ectly uses the collected hea&urrently, for
power conversioprocess one can uSgirling or Brayton cycle engines.

Parabolic troughechnologyis the most abundant CSP technologthiemmarket and amgresently
the most established SBystem beingusedin approximately81% of theactiveSTE plantsn the
world, about 48%of which arecurrentlyunderconstruction As for the solar towertechnology
presentlyamong all active global STE plantamost14% are of ths type, while this proportion

increases t@8% for the plants which are under construcfitf.
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The growth in the solar tower projects in the current ydansonstragsthat thistechnologyhas
reached a decent level of matutitybe used in large scales evgnto hundreds of MWHowever,
parabolic dishes are tteirinitial demonstration phase&his is while, inear Fresnedystems now

in the phase afansition tobeconing acommercidly proven technology40].

1-5-2-2. Thermal energy storage

Time and weather dependency are Iti@n problens associated witlsolarenergy sourceTo
overcome thidisadvantageone canintegratesolar thermabased technologs with a backup
system thatvorks withfossil fuel or biomassAnothersolutionis to use a TES system to store
heat duringtimes when there is excess solar radiatzoml to release it during thémes with
insufficientor nosunshingFigure1-8).

Advancesin TES technologsanddevelopment oivell-organized and coffective TESsystem
is very importanfor the future of CSBystems42, 43]. Using TES will increase thavailability
of the electricity produced from the systenfrurthermorejntegrating a TES systemith CSP
configurationsguaranteeelectric power resale and the CSP production large scaleg44].
Therefore CSPsystemsntegratedvith TEStechnologiewill be economially viableif they can
provideelectricityat peakdemand hoursyhentariffs are the greatept5-46)].

The simplicity of operationandflexibility of TESto be integrated with various/stemsmakes
CSP unique among otheravailable renewable energyesources Recently there has been
substantiafjrowthin solar thermaénergyproductionin industial scaleand its TESechnologies
Compaed to mechanical or chemical storaggchnologiesTES has several advantagédany
comparisons haveeen done between different energy storage technolagig$d. For instance
capital costsof TES technologiesin comparison withother storage technologiese lower

Moreover theyoperae very efficiertly compaedto mechanical or chemical storaggstemg49i
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53). A typical TES system is comprisedf plentiful materialswith a lot less harmful ingredients

compared to the existing storage technoloffds
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Figurel-8. CSP plant with a TES systeiReprintedwith permission fronklsevier,Fig. 1, [54])
1-5-2-3. Solar thermal energy for industrial processes

Generating thermal power by usesollarpowerfor industrial processes not onlganresult ina
lower relianceon fossil fué energiesbut alsoreducel GHG emissionsuch asCO,, SG, andNOx
emissiong?2]. Presentlyspace and water heatimgquirealargeshareof the energgonsumedn
residentiazones around80%in Canada and 82% in Eurofb]. Hencethere is hugenotivation
to convert solaenergyinto heat{56]. However there are soméifficulties to transfersolar heat
to industriesdue to the natat behaviour ofsolar energy including its intermittencgtiluteness
andvariallity [57]. Currently, ®larenergyused inindustrial sectorfor thermal applicationsan
be classifiedasfollows:

0 Hot water or steam demand processes

o Drying and dehydration processes

o Preheating

14



o Concentration

0 Pasteurization, sterilization

o Washing, cleaning

o Chemical reactions

0 Industrial space heating

o Textile

o Food

o Buildings

o Chemistry

o Plastic

0 Business establishments
Also, solar energy is greatchoicecapable of being onaf the principalsources for cookinfp8
60]. Currently gveraltypesof solarovensare existing amongthem a box type solar cooker

(Figurel1-9) thatis commonlyused all over the world.

Reflector

Glass or
plastic cover

Black
Colored
Interior

Cook Pot
Figure1-9. Box type solar cookdiReprintedwith permission fronklsevier,Fig. 2, [61])

Currentlythe solar water heatingSWH) industryis a popular application of solar thermal energy

in both domestic and industrial sectdtss considered aa greatosteffective alternative among

other availablesolar thermakystems SWH technologyhas beercommercialized ands well
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knownin many countriesll aroundthe world.InterestinglySWH usagehas been increasedth
anannual growthrate 0f30%sincel1980[62].

SWH systemasusuallyconsistof collectors and a storagpex. The systenoperate®n the basis of
thedifference between thaensity of hot andold water.Integrated collector/storaggstemsare
more acceptablen colder countries due simple and compadtructure. Batclsolar collectors
are more suitable for compensatsun radiation limitationsver the time sun is not available like
duringeveningtime or cloudy weathecondition[63].

A schematicdiagram fora typical solar water heating systesommonly used in industrial
applicationss shown inFigure1-10. In this systenthe water nevereturnsto thestoragespace
A typical SWH systenis composed o$olar collectors, circulatingndload pumps, storage tank,
a differential thermostat and thermalrelief-valve. To control the temperature of the system
controllerblockis alsoneededTherefore, oncéhe temperature goéeyondthefixed value, the
valves will mix the hot watesindmain waterto provideenergyfrom supply systerandreach the
desired temperatureln situations with insufficient temperature an auxiliary heaterwill

compensate the weakness #@meldesired temperatuid the tankwill be available.

Relief Valve

‘:-E:::r Auxiliary
a Heat
Load Pump
Solar Lond
Collectors Storage
Tank

L,

VI

In tank coil-heat exchanger Cold in

Figure1-10. Block diagram of a SWH syste(®Reprintedwith permission fronktlsevier Fig. 2, [2])
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1-6. Thesisoutline

Common to allCSPsystemss the desire to absorb solar radiation without losing energy through
thermal radiationAn efficient method to avoid radiative thermal losses and to achieve high
temperatures on the receiver within CSP systemsiggiement lowEmissivity (low-E) coatings

on top of the surface of the receiyvetich absorbs incident solar radiatikbow-E materials can
significantly reduce energy usage by reducing radiative heat |¢64e86]. Furthermore,
transparent solar seleati coatings exhibit high transmittance for solar radiation and high
reflectance in the near infrared and infrared spectral regidvis. Consequently, by applying a
transparent solar selective surface, herein also referred to as a transparemtrbgabn the
surface of a receiver (which transmits solar radiation andtifums as a lovE coating in the
infrared region) subjected to concentrated solar radiation will result in a considerable reduction in
thermal losses6@,73]. For example, more ettric power can be produced pgrabolic dish
systems when its receiver is coated with a highly efficient solar selective coating.

This thesis presents the design of novel transparent heat mirrors that can be used to enhance solar
energy harvesting techlogies such a€SPtechnologesand TES systemsin the following, in
Chapter 2,iie importahbackground topics for designing transparent heat mirrosofar thermal
applications is presentelh. Chapter 3, the thesis will be continueith the design of a transparent
selective coating in the form of a dielectric mirror (often referred to asliomensional photonic
crystal or a Braggeflector) comprised of alternating layewith differentindices of refraction

Then, he alternating layers of filmsill be designed to selectively reflect light strongly over the
infra-red spectral region while being highly transmissive towards solar irradiance. In order to
accomplish this, thin graded index éag will be designed as anteflection coatingsat the

interfaces between the alternating layers within the dielectric mifitaree different index of

17



refraction profileswill be considered including: 1. a linear index variation, 2. a cubic index
variation and 3. a quintic index variatioh39. Chapter 4will provide sensitivity analysisf the
transmittance and reflectance spectra of the dielectric heat mirror towards its number of layers,
resolution of the refractive index profilagfractive index, number of stacked dielectric mirrors,
absorption, and incident angle of the incoming lighChapter Sthetransparent heat mirrovll

be used in the design of a solar concentiatgrerating at different temperatures to evaluate its
ability to improve the performance bigh-temperaturesolarthermal energy applicationsinally,

conclusions and recommendations for future work will be provided in Chapter 6.
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2. Background

In this chapterthe background information for important topics related to the design of transparent
heat mirrors for solar thermal applications is presented. Accordingly, different subjects including
air mass coefficient, blackbody radiation, solar radiation spectrunssetty, low emissivity
coatings, transparent conductive oxides, solar selective surfaces and antireflective coatings are
studied in depth. Finally, a brief overview is provided to outline the methods and applications of

the work presented in this thesis.

2-1. Air mass coefficient

The air mass coefficient is defined as the relative optical path length through the atmosphere that

is traversed by incident solar radiation. This path length is measured based on the location of the
sun and when the sun is directiyeshead, at the zenith, the path length is called AM 1.0 because

the solar irradiance travels vertically through a path length that is 1 atmospheréhbkiek. mass
coefficientis an important factan characterizinghesolarspectrumincidentontoEat hés sur f a
at a specific time and location. With respedtigure2-1 andFigure2-2, as the angle between the

zenith and the direction towards the sdngets biggerthe air mass increasesughly by sec—
Forinstance, when the direction towards the swabsut 48 and 60° from the zenitthe air mass
isl5and20because the solar radiation incident ont
further through the atmosphere, respectively, as compartet tAM 1.0 case when the sun is

directly overhead [74, 75].

As the air mass increases (langer path lengthsscattering andbsorption of solar radiatioill
be increasedby environmentakelements suclas aerosols, air molecules, and water vapore Th
scattering anabsorptionof solar radiatiordepend on the environmentakircumstances (e.g.,

19



clouds and aerosolg3oth of these variablesir mass ané&nvironmental conditionghangewith
region and time of day and year. Consequenitlyis importantto consider the environmental
circumstances and air maasthe location of interest when designing a system or technology

whose performance depends on the solar irradiance [75]

Zenith {vertical)
Zenith
37° A AM 1.25
AM 1.5

48.2°

b
AM 2.0 2 Atmosphe,
& T
w
€ o Atmospheric Mode!
—~ ‘ Cloudless sk
T B Gloudess sl
Atmospheric Conditions 1.42 cm water vapor
Cioudy sky Direct-Normal Global rural aerosol model
0 to 50 km visibility K K,/{ elc.
0.5 to 5 cm water vapor BAGo91a01
urban aerosols 37
etc. Direct (normal Direct (11.2° incidence
B-Go5e1002 incidence) angle) + Diffuse Irradiance
Irrad»ance from on a surface tilted 37°
the Sun’s disk. from the horizontal
Figure2-1. Examples of other realistic atmospheric Figure2-2. Schematic of AML.5
and air mass conditions compared to AM 1.5 reference spectral conditio(lReprinted
(Reprintedwith permission fronRef. [75], IEEE). with permission fronRef. [75], IEEE).

The commonlyusedAM 1.5 spectras definedbased ora radiativesimulationreferred to as
BRITE developed by Radiation Reseh Associates [76, 7.7Theglobal AM 1.5 spectrumwas
simulatedfor a collectorbodytilted 37 from the horizorlooking directly at the suwith respect

to the"U.S. Standard\tmosphere'ln a vertical columrmp to 100 km abovsea leve[75].
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2-2. Blackbody radiation

A blackbodycan be defined aan ideal surfacehat emits the maximum possible amount of
radiation A blackbody isalso a perfecabsorber ofadiantenergy.Thus it canabsorlthe energy
from all incidentlight regardless of itgliredion and wavelengthrinally, a blackbodyacts asa
diffuse emitter. That is the radiant energgmitted from ablackbody onlydepends on its
temperature and wavelengihd is independent airection[78].

The name blackbody comé&®em thefact thatideal absorbers of visible lighdeemblack to the
eye. However, except for the visitdpectral regionthe eye is not goodtool to evaluate the
absorbing capabilitpf an absorber~orinstance a surface coated witlthite oil-base paintan
be a perfectabsorber of infrared radiatiomhile for shorter wavelengths in the visible spectral

region it reflects most of the light incident onto its surface.

Figure2-3. Schematic model of a blackbody

Figure2-3 shows a schematimodel of a blackody surfaceasatiny hole in a cavity with walls
whichare opaque to radiatio®nce incidentadiationreaches thholeit will enterthe cavity, and

if the cavity is bigit is unlikely to be reemitted.
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Only a handfubf materials can act aséackbody taabsorb radiant energiimong those one can

refer tocarbon black, carborundum, platinum blaakdgold black. The radiative properties of

the blackbody have beeacognizedusingquantum mechanics and experimgit).

Using Planckdéds | aw, one can illustrate the sp
thermal equilibrium at a selectedrtperature. The law was proposed by Max Planck in 1900 and

is an innovative result of modern physics and quantum theory.

The spectral radiatiomy , represents the quantity of energy emitted by a blackbody at different
radiation frequencies. BasedonPlaek 6s i nvestigations, the spect

be defined per unit frequency as follows

6 ohy —— 2.1
Where'Qstands for the Planck constaiis the frequency, c is the light spe&lis the Boltzmann
constant, and T is the absolute temperature. It can also be defined per unit wavekshfyitiows

6 _AY —— 2-2

Pl ankds | aw can aell smothe jeantityfe photoass enittédeat aeldécted

wavelength, or the energy density in a volume of radiation
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2-3. Solar radiation spectrum

Thesolar spectrum is welbpproximated byhe spectral radiance emitted frenblack bodywith
atemperature of 5,700K [80]. Figure2-4 showsthe solarspectral irradiancéor direct light
where the maximum irradiance with 2.142 V¥/nm intensity occurs at around 450 nws
sunraygassthrough the atmosphetieir energydecreases becausesohttering and absorption
Gases with specific absorption baradsorb some portions of light. Sunrays are also redirbgted
Rayleigh scatteringvhich is the main reason ftre blue coloof the sky In a sense, the observer
receives more blue light from the sky because hifffeguency light is scattered into an indirect
path to a greater extent. Conversely, when looking directly at the surhsbever sees less blue
light and relatively mordight with longer wavelengths and the sun appears yellow. The curve
shownin Figure 2-4 is basedon the American Society for Testing and Materials Terrestrial
Reference SpectréASTM). These spectrare standards accepted by indigstto guarantee

reliable test environmenig4].
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Figure2-4. Solar irradiance spectruandthe spectral distribution of radiation emitted from that of a
blackbodywith temperature of ~ 5700 K
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2-4. Emissivity
Emissivity is a property of the surface ofreaterial which describes the level of infrared energy
radiation it emits [81]. Thergissivity of an objecis the ratiobetween the amount of radiation it
emits to the amount of radiation emitted by a blackbody at the same temperaiaratio varies
betweer0 and1 depending on the properties of the selected maténalexample,te surface of
an idealblackbodyat mom temperaturemits thermal radiation @n intensity ofapproximately
4487 M atroomtemperature (298 KAl real objectsn the world can be categorized by their
emissiviy ratioswhich rangebetween @nd1l. It should be noted that tleenissivity d real objects
are alllowerthan a perfect blackbody which, by definition, has an emissivity equahio dbject
with an emissivity of Gs unable temit infrared energ§82]. Also, another important thing about
emissivity is that it is spectrally depdent and generally a function of surface temperature and
direction. However, there is still limited data available for the spectral emissivity of most materials
and most often the emissivity is reported solely for the normal direction. Accordingly,yusuall
average values are being considered for emissivity over direction, wavelength, off beth.
temperaturandemissivity of an objedre properties which catefine how much infrared energy
can be emitted by ambject.An example of the spectral radiamhitance of an ideal blackbody
and the common mineral quartz&®OK is shownin Figure2-5. As can be seen, quartz as a real

object in the world emits less thermal radiation than a perfect blackbody as expected [81].

Q I’t . _ - -
: [:I:ck’bodv Figure2-5. Comparinghe spectral radiant

emittance of an ideal blackbody and quartz

(Reprinted withpermission fronRef. [81]).

Spectral radiation emittance

Wavelegth, um
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2-5. Low emissivity coatings
An efficient method to save energy issiaplylow-Emissivity (ow-E) coatings on top of surfaces,

such asvindows. Low-E materials can significantly reduce energy usage by reducing radiative

heat losses3[3-85|.

In general, transpareldw-E coatings can be divided into two categories: hard coatings based on
metal oxides and soft coatings based on-fimm metallic materials. Metabxide basedow-E
coatings, which typically comprise transparent conductive oxides (TCOs) such as tin oijle (Sn
indium oxide (InOz3) or zinc oxide (ZnO), generally exhibit lower infrared reflectance and higher
solar transmittance in comparison to tfilm metallic low-E coatings, which are mainly
comprised of metals such as silver (Ag), copper (Cu) and golji[@&89]. Depending on the
optical properties of coatings and their environmental stability, mechanicaficgieans and

combined effects, they can be used for different applicat@bjs [

In order to increase the performance of solar thermal coltectbe proper combination of
properties with regard to solar gains, thermal losses and resistance to temperature, humidity,
mechanical stress as well as their combined effects should be considered. For example, soft
coatings like silver are not a good otefor humid and wet areas because of their high sensitivity

to corrosion 84]. As a result, several works have been cited to demonstrate TCOs application for
solar thermal collector®(-95|. For example, Ehrmann et a@d] reported a solar transmittance

of about 85% for a double glazing with selective layers of ZnO ap@3Ab be used in solar
thermal flatplate collectors. Furthermore, nanoparticles can be used for filtering and optical
purposes 97,98]. For example,Dejanette et al. 98] provided a spectrally selective filter to

maximize absorption and transmission in desired wavelength ranges by means of a nanoparticle
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fluid (transmitting more than 82 % insolation above a desired bandgap and absorbing 86% of

insolation below the bandgap

2-6. Transparent conductive oxides

First investigation of transparent conductive oxides (TCOs), which are a specific class of
transparent conductive electrodes (TCEss reported bpadekern 1907 with CdO, C¢O and

PbO. Although TCOs have been idemtififor more than a century, industrial outcomes only
appeared almost 5 decades later &teteke6 s i nvesti gati ons in the 19
notable innovation introduced in the 1970s was the application ofEloWCO/metal/TCO
multilayers in arhitectural and window glasses as well as ITO coatings ipéael displays with

liquid crystals. By 2005, TCO layers became very convenient in solar cell applications, particularly

with photovoltaics for electrical power generation. Among all kinds d@3 Gowadays, ITOs are

still the most dominant material for flagnel displays. This is while, ZnO and Sréde used in

the production of solar cells with thin films. The main reason for using these materials instead of

ITO for solar cells is the high pecof ITO compared to those materigd9-103].

2-6-1. Sandwich dielectrics

Recently sandwich dielectrics have also been widely studied to improve the spectrally selective
coating of the receiver for a more efficient solar collector. Taylor e1@4] feported that indium

tin oxide (ITO) and ZnS\g-ZnS provided the highest efficiency factor for selectivity (a
nondimensional metric term for materials and configuration to serve as a transparent selective solar
coating) among other existing materials. Beland Lidorikis 105 studied the performance of

nanacomposite metadlielectric absorbers with selective coatings in parabolic trough collectors.
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They simulated various coatings with selective filters for a temperature range freb9@@®

with maximumefficiency at approximately 85€ ¢ o 1t Ibetter performance).

A significant weakness dbw-E coatings is the lower transmittance in the visible wavelength
range compared to that ofb@reglass pane. Although this area is still open for research, one
methal to overcome this drawback is to add amtireflective coating (ARCs) to increase
transparency in the visible regiodd, 87 106. ARCs will be illustrated more in depth in Section
2-8.

2-6-2. Nanopatrticle films

Nanoparticlesrefer to particles with dimensiongp to 100 nm. These particles may exhibit
extraordinary features that are different from those of the larger scale substance. Due to their
flexibility in various aspects, they have been used in various industries with different applications
including catalsts, electronics, drug carriersjagneticand optical materials pigments and
sensorslt is imperative to investigate novel proceduredhiersynthesis afanoparticlsto control
properties such as composition, crystallinity, morphology and size distrib@mfar, various
methods have beentroduced by scientists for nanoparticle synthesis such aghgeae, liquid

phase and solidphaseprocessefo7].

Preparatiorof nanoparticles can be done using aerosol spray methods incymtangpyrolysis,

spray drying,and the flame spray meth&dAerosol spray methods are simple and rapid for
processing. They can be use to preppl®sphor nanoparticles, transparent cotidec
nanoparticles, composigarticles, and porous particldsanoparticle fabricationsingorganized
poreswith spray drying is of interestGenerally porous particlegan be prepared witbxide
materials, if colloidaloxide nanoparticles are existing/hen the particles and pores are small

enough, they do not scatter light and can be used as thin opticallfilthss case,le precursor
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is a combination of two colloidsl. silica nanoparticleswith different sizesand 2. polymer
(polystyrene latex (PSL)Yhe size of the resulting nanoparticles is on the order of ~ 10 to 100 nm
[107].

In order to reduce the index of refraction of a material, porosity can be introduced because the
index of refraction is related to thdensity [108109]. However, the pore size needs to be
significantly smaller than the light wavelength. Also, in order to avoid scattering, the pore
distribution has to be homogenous. The relation between the density and index of refraction can

be defined afollows

- 2-3
wheret is the refractive index of neporous materiakpis the density of noorous material,

¢ is the index of the porous material aidis the density of porous material.

Equation 23 canalso be written in terms of porosity as follows

— p — 2-4
whered is percent porosityAs an examplgFigure2-6 shows theefractive index variation with

porosity forTiO2, A1203, and Si@[108].
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Figure2-6. Porosity effect on refractive indicesdifferent oxides (Reprinted with permission

from Ref. [108] The Optical Sociefy
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2-7. Solar selective surfaces

In the context of a building, by applyingw-E coatings on glass windowslarge portion of the
radiant heat that would otherwise beexchangd between the structure and surrounding
environment can be prevented. As a result, to keep the building at a desired tem{eegatrsem
enough in the winter and cool in the sumntess power is required.ow-E coatingscan also be
used for solar thermal applications1p-115. A solar selective surface is similar, but the solar
light that is transmitteds absorbed for the case of the solar selective suGamesequently, by
applying low-Emissivity coatings to the swte of a solar concentrator it will result in a
considerable reduction in thermal loss&8,116. For example, more electric power can be

produced by Diststirling systems using these types of solar concentrators.

In order to improve the conversion of aoknergy into useful heat, withspect td-igure2-7.a,

an object should be able to provide two properties. Both of these properties can be presented based
on the reflectance phenomenon. The first is that it should have low reflectance (i.e. high
absorptance) in visible and near IR wavelength and high rafleet(i.e. low emittance) the IR

and far IR wavelength ranges for thermal radiatidi7]l. The ideal case can be stated

guantitatively with the following expressions:

R ( &0 for 300< &< 4000 nm (2-5)
and
R ( 1) fer4000< &< 50 000 nm (2-6)
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Figure2-7. a. Schematic diagram of a black surface with high solar absorbance b. Solar selective
behaviour on the surface of a blackbody c. Solar selective coating behaviour far from the ble
surface (Gepresents the solar radiant power)

How can the temperature of a blackbody under solar radiant energy be maximized? As shown in
Figure2-7.b, atransparent lovE coating deposited onto a black body functions as a solar selective
surfacethat absorbs ol ar radiation (with wavelengths be
infrared radiant energy from exiting the blackbdelyth wavelengths on thedrer o f ~10 ¢
depending on the temperature of bi@ckbody). Figure2-7.c shows a transparent heat mirror film

with a gap, and yet the combination of the transparentda@ating on glass and the black body

together still function as a solar selective surfatth capability to maximize transparency in
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visible wavelengths to allow solar radiation pass through thengoatd provide highest reflection

in infrared wavelengths to reflect IR thermal radiation [118].

Figure2-8 shows the solar spectrum and four diéfiet blackbodies with temperature60, 100Q

1500 and 2000 Kit can be seen that these spectra aredieped and hawdifferentmaximum
intensities for different temperatureswhich decreasetowards smaller wavelengths as the
temperature increasédhus, the temperature of a blackbody like the one showigure2-8 under

solar radiation can be maximixeby coating it with a selective surface that maximizes the
transmittance of solar radiation while reflecting thermal radiaffdre ability to maximize the
temperature of a blackbody subjected to incident solar radiation using transparent low emissivity

films is described quantitatively in the next section.
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Figure2-8. Solarirradiance (left scale) and radiant blackbody spectra (right scale) for blackbodies at

different temperature$00, 1000, 150@nd 2000 K)
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2-7-1. Maximizing the temperature of a blackbody subjected to incident

solar radiation

Consideringa transparent cover with a lel& coating over top oh black body (e.g. the diagram
shown inFigure2-7.c), the power radiated frortihe blackbody surface can be determined by the
StefanBoltzmann law for absolute temperature T and body surface area of A with emsswity
follows: [119-12Q

0 RA! (2-7)

Furthermore, the net power radiated between an emitting object with temperature T and

surroundings with temperatu® is the difference between the power emitted and the power

absorbed:

0 0 0 R A4 4 | (2-8)
where StefarBo |l t zmanndés constant i s

s v X pmm 7T + (2-9)

whereE p& @ pmt isBol t zmann&s ogpo psit alds ,Pl ankds const
— p8tv pt * Bther educed Pl anAdasst T omistOisthetvelamity df

light.

Moreover, the absorbed solar pow&2]] can be denoted as follows:

A

0 'a&3Md (2-10)

32



whereG is the solar radiant powea is absorbance of the surfatés the tansmittance for solar
irradiation

For the case of alackbody coated with a solar selective surface subjected to incident solar
radiation, in equilibrium, the enterirffgquation 4and exiting(Equation 2powershould be equal

(e.q.0 0 ), andthis condition can be used to derive Equation 5:

RA="'83
g O
4 il
RA RA
NP §
4 #1180 (2-11)

Thus, to maximize the temperature of a blackbody, the transmitianselar irradiation and the
emissivity of a spectral selectiwmating should be maximized and minimized, respectively. In
order to satisfy the conservation condition for the total energy in the solar radiation beam, the

relationship between transmittance (t), absorbance (a) and reflectance (r) can be definedsas follo
[96]:

O Al Ol popmnmb (2-12)

Where all these parameters are functions of w

properties such as index i@fraction and extinction coefficient.

Kirchhoff 6s | aw of t her mal radiati on states

absorptivity of an object are equal:
Rl Al (2-13)

Wherer stands for the emittance.
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Considering an opaque materidlY ) for the case of a transparent cover with a-Bwoating
over top of the black bodye emittance can be represented as foll@8s122123:

R} p O (2-14)
This leads to an important conclusion timahe design of dansparent heat mirrarlow-E coating
can be achieved by maximizing the reflectance over the-tiaftaregion.More theoretical

background andetails are given by Jell83, 124.

2-7-2. Solar selective surfaces

A spectrally selective, or solar selective, surface can be realized using different materials structured
in different forms. Among thessix different kinds of solar selective surfaces repmbtig Kanu
andBinions [L17] are showrthroughFigure2-9 to Figure2-14.
Figure2-9 showsa material whichs comprised ofolar selective materials withtrinsic optical
properties| t i's also called a fAmass absorbero in
intrinsic characteristics of the materials and examples includesMo@ed Mo, Silicon doped
with Boron (Si dped with B), Calcium fluoride (Cal; Hafnium Carbide (HfC), Zirconium
Diboride (ZrBz, SnQ), Indium(lll) Oxide (In203), Europium(lll) Oxide (Euw03), Rhenium
Trioxide (ReQ), Vanadium(V) oxide(V20s) and Lanthanum hexaborid@_aBe) [125, 126].
However there ardimited materials whichdeally exhibit this property and further work needs to
bedone in order to develop these materials further.

intrinsic selective material

substrate

Figure2-9. Solar selective materials with intringiptical propertiesReprintedwith permission from

Ref. [117], The Royal Society).
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Figure2-10illustratesa semiconductormetaltandemdesign withspectradly selective properties.
Semiconductors withand gapof approximately0.5 eV to 1.26 eV absorb incident solar radiation
while exhibiting low emissivity in the IR spectral range on account of their {gapd As
mentioned, thedrawback ofthis surfaceis thatworking with semiconductordeads tolarger
refractive indexmaterials which meanshigher reflection losses andemandgor an additional

antireflectionlayer[117]. As an example, one can refer to Si (1.1 eV) and Ge (0.7 eV) [126].

<= antireflection coating

I < Siicon

metal

Figure2-10. A ssmi-conductor metatlesign withspectral selgivity property(Reprintedwith
permission fronRef. [117], The Royal Society).

Figure 2-11 shows a multlayer coating design comprised of alternate layers of
dielectric/metal/dielectric(D/M/D). D/M/D absorbers or multilayer interface stacks can be
designed so that they becomei@ént selective absorbers. The selectivity is achieved by tuning
the thickness of the bottom dielectiayer such that interference effects occur for selective
wavelengths, and is not dependent on the selectivity of the dielectric material withimitherstr
Variousmultilayer absorbersomprised oflifferent metals (e.g., Mo, Ag, Cu, Ni) and dielectric
layers (e.g., AlO3, SIQy, CeQ, ZnS) have beemsedfor high-temperature applicatiofi$26]. This
type of solar selective surface, witto andAl.O3 as themetal andlielectriclayers respectively

has been produced at largealesvia vacuum coating technology/17].

<—— dielectric
<—— metal
<—-— dielectric

substrate

Figure2-11. Multi-layer coatings design consistinfdielectric/metal/dielectritayers(Reprinted with
permission fronRef. [117], The Royal Society).
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A metal/dielectrieccompositemetal tandemor absorbereflector tandendesign, is shown in
Figure2-12, wherein a dielectric mediuimosts metallic nanoparticlesn order to optimize the
spectral selectivity, one can choose different materials, layer thicknesses, concentration of
particles, shpe and orientation of the particles and grading. Another version of this type is a
powder semiconducteaeflector design in which the solar selective characteristicgaasfjanic
metal oxidesorganic black pigmentsnetatdustpigmented selective paingmd semiconductors
are of interest.
.-~ metal
L7 < dielectric

metal

Figure2-12. A metal/dielectriecompositemetal tandem desigiiReprinted withpermission fronRef.
[117], The Royal Society).

Figure2-13 shows the high solar absorptance in textured metal surfaces which can be produced
by frequent internal reflections against metal dendriteth \2um separation. As here the
corresponding wavelengths are much larger than the dendrite deviation, Hie tkenwm is
unaltered by this design [117]. An ideal textured surface provides low emissivity at long
wavelengths while at the same time gives hajgsorptivity at shorter wavelengths. Surface
texturing can be created by several methods including: d&xohange reactions between metals,

2. oxidation of metals at high temperature, 3. unidirectional solidification of eutectic alloys, 4.
vapor depositin, 5. vaparliquidi solid mechanism, and 6.-ray, ebeam, or nanoimprint

lithography. [125].
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2 um

metal

Figure2-13. Solar absorptancim textured metal surfacéReprinted withpermission fronRef.
[117], TheRoyal Society.
Finally, Figure2-14illustratesa spectrallyselective solatransmittingcoatingon an absorbing
surface with properties very close tblack-body[127]. In this case, the coating may be a highly

doped semicastuctor such aSnO,:F, SnQ:Sb, In,SO,:Sn, and ZnO:Aland black enamel can

be used as the absorber material [126].

<—— SnO,: F
N < Vlqck enamel
metal

Figure2-14. A spectrally selective sokdransmitting coating oa blackbodylike absorbefReprinted
with permission fronRef. [117], The Royal Society).

Among all the existing materialslickel pigmented anodialumina[128] is the most welknown
coating in the market and is providedy AC anodization of an aluminium sheet in dilute

phosphoric acid followed by AC electrolysis in a NiSth[127].

2-8. Photonic crystals

The thermal radiation spectrof emittersurfacesdepend ortheir photon densitpf states. The
photon density of states can be controlled by structuring the emitter in the form of a photonic
crystal (PhC) such that it behaves as a selective solar absorber. PhCs are comprised of a pattern of

mateials arranged in a periodic form with different dielectric constants. PhCs can provide a
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complete photonic band gap over particular wavelength ranges wherein all light is reflected,
regardless of its incident angle or polarization. Moreover, by usinghd3B arrangements, the
angledependant photonic density of states can be tuned. Accordingly, higher values for emission

is achieved, which result in better thermal transfer efficiencies.

Figure 2-15 shows somexamplesof photonic crystals witlone, two-, and threedimensional
structures The distinct colors representmaterials with distinct dielectric constants. The

distinguishing propertpf aPhCis its periodicdielectricconstant irat least onelirection [129]

1-D 2-D 3-D

oAy

periodic in periodic in periodic in
one direction two directions three directions

Figure2-15. Samples for onetwo-, and threadimensional photonic crystals with regard to their
periodicity along one, tworal three directions, respectivéigeprintedwith permission fronRef.

[129], ThePrinceton University Press

2-8-1. One-dimensional photonic crystals

Applying a onedimensional (D) periodic structure on the surface of a material strongly changes
the effective optical absorption and emission of that material. The main parameters that can be

altered in this design are the periodicity and depth which have been studied in the literature [125].

For the case of a-lD PhC deposited on a surface, whereinl#lyers within the PhC are parallel

to the surface, the surface may exhibit a photonicgémp wherein normally incident light is very
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strongly reflected over a spectral regiomyA-D PhC at the surface will provide distinct reflecting
zones where theeflectance is a function of the number of repeat units of the structure and
wavelength of the incident light. The high reflectance wavelength regions are known as the
photonic band gaps, or stgaps for the case of all PhC [130]. Furthermore, by fabaiing the

1-D PhC with transparent materials, th® PhC may still be transmissive to light that is outside
the stopgap.Herein, 1D PhCsare being usetb function as coatings for solar concentrators that
transmit solar radiation whileeflecing infrared radiation to reduceadiative heat lossedn
comparison to-D and 3D PhCs,1-D PhCs have the broadest and most intense reflection spectra
for normally incident light (or neamormal).Moreover, it is generally easier to fabricat® PhCs

than 2D ard 3-D PhCs.
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2-9. Antireflective coatings

Antireflectivecoatings (ARCsjprovide minimal reflection and are used in the design of numerous
optical devices. Recently, researches in biological and optical fields focused on the reflectance

minimization and importance of nanotechnology to enhance ARCs desigi 3231

The term reflection in optical literatures is originated from a transition in the medium (glass, water,
air, etc.) where light is moving forward. The medium here is definedfgctive index (n) which
represents the light speed in the medium with regard to that in vacuum. Consequently, as light
shines on an object, eyes will be able to discover an optical disturbance if there is a variation in
refractive index (RI). The basimodel of reflection and refraction is defined by the Fresnel
equation. With respect to the model provided by Augu¥tan Fresnel, the reflected portion of
incident light at the interface is calculated by reflectance, R and the rest which is trangmitted i

calculated by transmittance, T.

With respect td-igure2-16.a andrigure2-16.b, the Fresnel model for the angiflection condition
considers a thin film (Rl = n) on a glass substrate (R) amdthe reflectancér normal incidence

is illustratedas follows

O — (2-14)

Phase Diff “ “ - Bl “

Thin Film. n

ny

Ngyups » Substrate

Substrate. n,
a | : b ‘
Figure2-16. Light propagation througf@) al-layer film on substrate {m» n) (b) multilayer film on
substrateabsorbefReprintedwith permission fronRef. [132], TheRoyal Society of Chemist}y
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As thegoal hereis toreachzero reflectancesetting rto zeroin Equation 214, one can findhe

refractive index of the film (nas follows

¢ F ¢ (2-15)

As the ternreflectancer) in Fresnel modeis related tothe s-polarizationand ppolarization of

the light, theantireflective phenomenas also analyzed on the haf thesetwo. The analysis
provided so far is with respect to a single layer on the substrate. For multi layered ARCs, the main
idea remains the same and jttet mathematical model changes based on the vector analysis of
the individual raysOverall, by adjustingthe Rl and thicknessf the film, antireflectve coatings

are attainable.

2-9-1. Strategies to achieving antreflection

Antireflective coatings can be realized at a surface using two methBuist, one can use
porous/patterned surfaces and the second method involves grading the refractive index at a surface,
and both methods will be discussed hérae basiaesignhasbeen introducethased orexisting

natural speciedike moth eyes and it hasbeen enhancedby computational discoveries and

techniquedo advancennovativeprocedures

2-9-1-1. Porous/patterned antireflection coatings

Zero reflectancean be achieved at a surfagedpplying an antreflective coating with an index

of refraction equal to € € , where @y is the refractive index of the incident medium, which is
assumed to be air, anglig the substrate refractive index. In order to adjustdfractive ine@x of

a film one can make it porouBor example, prous/density graded silicon (PSi)asvell-known

materialwith a decreased index of refraction compared to that of solid Si [VB8Fover,the
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index of refraction of PSi depends on itelume fraction.Consequently,hte indexof refraction

can bedecreasetly decreasinghefraction,f, of Siandincreasinghepore volume1-f).

In the natural worldthefi mot hds eyeo funct i on.dnordes toaoidhi ghl vy
detection fronpredatorstheeye of the motlhas changed intadull surfaceto preventreflection

of light [132. As shownin Figure2-17, subwavelengthstructuregSWS)or fine nanostructure
patternscaptured by canning electron microscopy (SEMas featuresizesthat aresmaller than

the wavelength of light. In fact,tiis these microscopioanostructured patterrthat interact

differently with light compared tanacroscopic structures.

-~
~
Foraw |

Mgk o ﬁm
- o oGO M v g
A e B R e

Figure2-17. The eye of the moth and teeanning electron microscopyageillustratingthe Nano

bumps on the outefomainof the corneal lenfReprintedwith permission fronRef. [132], TheRoyal
Society of Chemistriy

In macroscopic structures the incident light would normally be reflected after being partly
absorbed as shownfiigure2-18.a. However, in microscopic structures, especially the SWSs with
dimensions less than the wavelength of light by a factor of ~10 [134], it will interact in a completely
different way. That is, when the wavelength dfident light is much longer than the size of the
surface structures, the effective index of refraction at the surface is graded. Consequently, incident
light tends to bend significantly at the surface while reflection is supprdsgedg2-18.b). Figure
2-18.c illustrates that in applying similar dimensional restrictions to the spacing and depth of the

nanostructured pattern, light rays undergo several internal reflections and are more likely to be
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absorbed before being reflected. This phenomenon causeaxiraum absorption of the incident

light and reflection over the visible wavelength range may be reduced to as low as 0.1%.
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Macro, d >> A Moth Eye Nanostructures, d = A/n Surface Topography, d = A/n
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Figure2-18. (a) reflection of Ightin a macrostructurpattern (b) interacton of light with the rough
domainbecause of similagize (c) internal reflectionsf light over a nanostructure pattgifReprinted

with permission fronRef. [132], TheRoyal Society of Chemistjy

2-9-1-2. Graded-index anti-reflection coatings

Anothermethod to decrease the reflectance from a surface is to apply an ARC whose index of
refraction gradually decreases from that of the substrgtat(the substrate surface to that of the

air (nuir). The reduction of the index of refraction can be defineditferent profiles such as those
shown inFigure2-19. This phenomenon can also be seen in nature such as the d@ntelgse

which have a broaddil d vi si on, humanés eyes with aberra
with high spatial resolution.

The concept behind this work was initially provided lyrd Rayleigh[135] in 18800once he

solved the gradual transition problem using numerical solstio show that as density varies in a
variable medium design, reflection decreases and light rays tWwigta¢ 2-19c). This design is
alsoreferred to agraded refractive index (GRIN) and the variationndex of refractiorcan be

done by means different profiles Guch as linearcubic and quinti¢ aswill be discussed in

Chapter 3 of this thesis
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Figure2-19. (a) Refractive index variation with a step profile in a single layer antireflective design (b)
gradual decrement of the index of refraction fraytomui (c) bending of sun rays with smooth index

variation of mediunfReprintedwith permission fronRef. [132], TheRoyal Society of Chemistyy

2-9-2. Different types ofantireflective coatings

Anti-reflectioncoatings can belassifiedinto two different categories including homogeneous or
inhomogeneousoatings They can be further classified into sindggrer, digital, or structured,

and homogenous multilayer or complex inhomogeneous coatings as #hdvigure 2-20.a
through d. Due to the importance in industries, antireflective coatings for the visible and infrared

wavelengths have been studied carefully over the past years.

2-9-2-1. Homogeneousanti-reflective coatings

A single homogeneouantireflectivelayer with index of refractionn, is optimized according to
Equation 1land reflection is minimized when itshicknessis equal to_/4 (Figure 2-20.a).
However,in case of asubstrate surroundday air, nyr is equal to land nprincipally depend on

the refractive index of the substrate. Considering dense ARCs, a suitable material that satisfies
Equation 11 can onlgeguaranteed whem> 2.0.This is while usuallypptical glasses havewer
refractive indices (e.dhe index of refraction of a denfikn is just~ 1.45 for glask To decrease

the effective refractiveindex one can us@orousor patterned layerg={gure 2-20.b). Besides,

severahomogeneouthin films in certain arrangemengdsocanleadto zero reflectance at certain

44



wavelength(s)Figure2-20.c), however, it is difficult to minimize reflection over the broad solar

spectrum using this technique. [132, 1138].

Homogeneous Inhomogeneous
a d d d
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Lz ,:':;:fE T ) :
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Figure2-20. Homogeneous ARCs, single layer (a), patterned (b) and multilayer (c) and inhomogeneous
ARCs, single layer (d), patterned (e) and ralalyier (f). Notice the variation in refractive index with

respect to film thicknegReprintedwith permission fronRef. [132], TheRoyal Society of Chemistjy
2-9-2-2. Inhomogeneousanti-reflective coatings

Inhomogeneous ARCase aGRIN structureto achieveantireflectivity. As shown inFigure

2-20.d, the reflection from abrupt interfacesdecreasedby gradually decreasing the index of

refraction with deptlfirom nair to ns. For this design, the total thickness of the layer is not itapg

however, results from the literature suggest that the thickness should be more tivag_ ,

45



where_ stands forthe upper wavelengthor longest wavelengthgf the incident light The
primary reasofior AR behaviour oninhomogeneous layer is thatsuch adesigntheinfluence
of anabrupt interfacen the reflection of the surfacemitigated However,it is very difficult to

depositinhomogeneous layers with precise control.

Assumingnair =1, the inhomogeneouwSRC can reachalmostzeroreflectance if the thickness
the layerobeysthe aforementioned border andhat the lateral dimensions of the patterns are
less than the wavelength of liglitigure2-20.e). Whenthese situations ageiaranteethe effective
mediumtheory can beisedand the materiahir structurecan be represented kye layerset up
be similar toSWS structure with indice®f refractionvary gradually fromnai=1 to ns (Figure

2-20f) [132 136139,
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2-10. Fabrication and characterization

In this section methods fféabrication and characterization of gradedex thin films isreported

2-10-1. Fabrication

Although graded index profiles exhibit excellent improvement in the design of transparent heat
mirrors, it would be very difficult to precisely fabricate the linear, cubic, and quintic graded index
profiles throughout the dielectric mirror. The main reasothat it is difficult to control the
continuous change of the refractive index profile over the large number of periods in the dielectric
mirror [139, 140].However, results recently reported in the literature show various emerging
methods to fabricatgradedindex films including lithography and wet etching, integrated nano
island coating arrays on nagonicatfrustum arrays, improved metalduced chemical etching,
obliqueangle deposition, electron beam coevaportion, ion beam assisted deposisom pla
enhanced chemical vapor deposition and-gebl process 139-144]. Most of the reports
demonstrate obliquangle decomposition technique as a successful method to falgiadts

index films[144-147].

Oblique-angle deposition is categorized as a wapteposition technique usually used to fabricate
thin films with a nanostructure, predesigned tilt angle and controllable porosityprébise
control of the porositan allow one to control the refractive indices ranging frerilr09 to

ny=2.6. Accordngly, almost all graded index profiles can be realized by this technique [147].

Although fabrication of the gradeddex profile is still challenging, a low refractive index of 1.063
was achieved by Zhang J@hao et al. [144] for Si@with a quintic proile grown by the glancing

angle deposition technique using electbmam evaporation. Recently, the lowest refractive index
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with n=1.05 was reported by Xi and Schubert et al. [140] using obfiggke deposition to control

the graded refractive index pilefwith flat substrates.

As discussed earlier, it is still problematic to fabricate graddex profiles throughout the
dielectric mirror Consequently, the dielectric mirrors presented in this work are not presently
expected to the best option from acoeomic standpoint when compared to commercially
available solar selective films. However, results recently reported in the literature show various
emerging methods$:uture work will focus on using these fabrication techniques to demonstrate a
decent metht to simply fabricate graded index profiles and dielectric heat mirrors presented in

this work such that they can be economically used in various solar thermal applications.

2-10-2. Characterization

Characterization of deposited layers with a graideex profile can be done using ellipsometry.
Although in the beginning application of ellipsometry in gradient index analysis showed some
inhomogeneity in the layers because of the deposition processalsegports demonstrate
characterization of the deposited layers with gradddx profiles using ellipsometry [139148

149.

Ellipsometry is a optical techniquellowing accurate investigation of the optical properties of
thin films such as refractive index of the film8lm thickness andhe dielectric constant

Ellipsometryuses thehangs in the lightpolarization upon reflection dransmission [149]

As an examie, Figure 2-21 showsa scanningelectronmicrograph (SEM)Jmage of a graded
index multilayer thin films designAs shown inthe Figure 2-21, therefractive indexes of each

layer are characterized by ellipsometry, and ttieoknesses ar@9, 78, 81, 101, 113, 145, and
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156 nm,from bottom totop, respectivelyTwo layers of TiQ are fabricated in the bottom with
highrefractive indexes of i&60and2.52 respectivelyln the middle, three layers using Siéhd

TiO are cesputtered. Finally, for the tapvo layers Si@ nanorodsare fabricated [147]

Tio, I

Figure2-21. SEM image of a sample with a graded refractive index multilayer thin film design

(Reprinted with permission from Ref. [14The Optical Sociely
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2-11.  Motivation and objectives

As discussectarlier in Section 5, an efficient method tsave energy is to implement |ei
coatings on top of the receiver of a CSP sysésna solar selective surfaaged reduce radiative

heat lossesIn the design of a seltee surfacea low-E coating can be achieved by maximizing

the reflectance over the infrad regionThis solar selective surface can be designed &3 BRAC
deposited on a surface to provide high reflectance wavelength regions as the photonic band gaps
However, as discussed earlier and as will be shov@eation 32-1, a 1-D design provides lower
transmittance in the visible wavelength regions which finedlyuireshigher incoming energy
source as welln order to compensatfer thisweaknessthe 2D PhC should be designedsuch

a way toexhibit high transmittance for solar radiation and high reflectance in the near infrared and
infrared spectral regionJsing a 1D design, higher transmittance in the visible wavelengths can
be abieved by implementing gradeddex antireflection coatingavherethe refractive index
profile between its high and low index of refraction regisrdefinedwith a gradedndex profile

rather than a step functio@onsidering the new selective surface, one can increase the efficiency

of a CSP system witholdosing the incoming energy.

With regards to the technology gap addressed by this wogaictice, commercially available
selectively absorbingurfaces such as black chrome and TiN@re used for making solar
receivers. However, for receiver designs that require a transparent cover, such as porous
volumetric receivers, the technology is not well developed. Thus, the work presented in this thesis
focuses on the advancementtnsparensolar selective covers. The approach taken towards
advancing transparent solar selective covers is to use dielectric mirrors comprised of materials that
are highly transparent in the visible region. In the liteatit has been suggested that this approach

is not technologically feasible because of the number of layers (on the order of hundreds) that
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would have to be deposited in the dielectric mirror to achieve a selective coating of high quality
[150. However the novelty of the dielectric mirrors designed in this thesis, as discussed in Chapter
3, is that the index of refraction between the higid low index of refraction films within the
dielectric mirror is graded. This feature greatly increases theis#leof these dielectric mirrors

while drastically reducing the number of layers they are comprised of.
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2-12. Thesis outline

The importah background topics for designing transparent heat mirrorssdtar thermal
applications was presented in this chapterthe following, in Chapter 3, the thesis will be
continuedwith the design of a transparent selective coating in the form of atdielaaror (often
referred to as ondimensional photonic crystal or a Braggflector) comprised of alternating
layerswith differentindices of refractionThen, he alternating layers of filmsill be designed to
selectively reflect light strongly ovéne infrared spectral region while being highly transmissive
towards solar irradiance. In order to accomplish this, thin graded index Valldye designed as
antireflection coatingat the interfaces between the alternating layers within the dielegtror.
Three different index of refraction profilesll be considered including: 1. a linear index variation,
2. a cubic index variation and 3. a quintic index variatk8¢]. Chapter 4, will provide sensitivity
analysisof the transmittance and refitance spectra of the dielectric heat mirror towards its
number of layers, resolution of the refractive index profiles, refractive index, number of stacked
dielectric mirrors, absorption, and incident angle of the incoming.lightChapter 5,the
transpaent heat mirrorsvill be used in the design of a solar concentratgrerating at different
temperatures to evaluate its ability to improve the performankiglotemperatureolarthermal
energy applicationg-inally, conclusions and recommendationsftdure work will be provided

in Chapter 6.
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3. Dielectrsandmgraded index antiref

In this chapterdielectric mirrors as well as graded index antireflection coatings will be studied.
dielectric mirror(otherwise referred to as a Braggflectoror a onedimensional photonic crysial

is compisedof several thin layers of dielectric materiasuallydeposited on a substrate of glass

or other opticaspecimen. They can be used to produce high reflectivity over a certain range of
wavelengths. Converselin order to decrease the reflectance from a surface one can apply an
antireflection coatingvhose index of refraction gradually decreases from that of the substjate (n

at the substrate surface to that of the incident medium, which is typicallgdir (n

3-1. Dielectric mirror s

A dielectric mirror is compsedof alternating thin film layers with higher and lower index of
refraction denotedhereinas H and L respectively.For the case obptical coating, a film is
considered to be thini&flections from its interfaces cause waverference effecti the visible
spectral regionOn the othehand films that do not cause significant wave interference effects for
light with wavelengths in the visible spectral region or lowercaresideredo bethick. Normally,

in a multilayer coating design the films are thin and the substrates areltbi¢k [

The reflected light at each interfasgthin a dielectric mirror depends the refractive indicesf
the material®n either sidef the interfaceConsequently, thiatensity of theeflectedight waves
can be controlled byuning therefractive indices of the filmwithin the dielectric mirrarOn the
other hand, the phases of thght reflected at each interfacan be controlled by the layer

thickness. Accordinglytwo key parameters for each layer within the multilayer coatingeham
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the thickness and refractive indeare usedo controlits wavelength dependent reflectance and
transmittance.

Using electromagnetic wavéheory, and with reference teigure 3-1, the reflectancer, and
transmittancet, of light incident ontoa surface are provided by EquatioBsl and 3-2,

respectively.
O m{f — — (3-1)
O —— (3-2)

where” is the amplitude of the reflection coefficient, represents the admittance of the incident
medium and Y is the admittance of the meditmn light is incident onAlso, Y @enotes the real
part of Y in Equatior2. However, Equations 1 and 2 are valid only for normal inciddrmethe
case of oblique incidence, one can defirgofarized and -polarized light which haveelectric
vectors parallel and perpendicular to thean@ of incidence, respectivelyFigure 3-2).
Accordingly, the new expressions will be definied the admittancefor the case of oblique

incidencefor s-polarized and fpolarized light as in Equations 3 and 4:

s 9AIfO 1T EEBIT[O for spolarized light (3-3)
s O9FAI[O 1T E®AI[O forppolarized light 3-4)
z
Incident
P Reflected
Reflected S
Incident
Interface X
Transmitted
Transmitted P
S
Figure3-1. Transmitedandreflecied light Figure3-2. P-polarized and-polarized light
at an interface between two media obliqudy incidenceonto a surface.
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Thesurfaceadmittance of thenultilayer thin films can be calculated as follows

#
9 —

" AT]O _ P
S (3-5)
# HOBT A0

Where, B and C are normalized tangential electric and magnetic fields, respertigdiye phase
thickness of layer }J is the characteristic admittance of layeg js the number of layeedU

is the characteristic admittanoéthe substratfl51].

3-1-1. Designng dielectric heat mirrors

Onedimensional dielectric mirrorsan bedesigned to function as coatings for s@ancentrators

that reflect infrared radiation toreducea di at i ve heat -Homeasiomdalkotl
refers to the fact that there isno variatiom t he di el ectr i ¢ ©Othenttah i on,

z, which is the direction that is norfrta the surface of the coatii@52. It should be noted that

the dielectric function is proportional to the square root of the refractive index/) [153,

154]

The quartemwavestack which is a type oflistributed Bragg reflector or ordimensional photonic
crystal,is comprised o& series oélternating filmswith quarterwavethicknesgs and ofdifferent
H andL refractiveindexvalues The structur@rovides a stronglyefleced spectrunover a regin
around tle wavelength for which theoatingsarequarterwaves, usuallglenotedas the reference
wavelength,_ [155]. The reflectance peak is usually described by itsviidith at halfmaximum

(FWHM). Accordingly, the quartewave thickness can bemessed as
N OA O GAGOE E A ETgADIO (3-6)
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where n denotes the refractive index, H or L, of the high or low index materials within the structure,

respectively.

In this thesisfilms with an index of refraction of 2 and 1aBe selected as the H and L layers
respectively The L layer is representative mfaterials with a low index of refraction suchSa€,
nanoparticle IP) films[156-159] and the H layer is representative of makerath a high index

of refraction includingr CO films such as titanium dioxide (TiD colloidal yttrium oxide (¥Os)

and indiumdoped tin oxide (ITO) filmsln Chapter 4, a sensitivity analysis will be done to study

the effects of altering theéielectric mirror parameters, including the H and L values of its
constituent layers, on its performance to show the effects of selecting different materials on the
properties of the dielectric mirror. dielectric mirror with a stacking sequence of [Rilsjhere H

and L represerilms with an index of refraction of 2 and 1.@&spectivelyand the superscript
denotes that there abilayers in the dielectric mirror, is shownhkigure3-3. Using the methods
described in the followingection, the thicknesses of tHeandL films were chosen such that the
spectral position of the reflectance pdedm the dielectric mirrominimizes the radiative heat
losses fronareceiver (or absorber) being heated by a sadacentratoto a temperature of 500

K. Accordingly, the dielecic mirrors are designed to maximally reflect radiation from a black
body with a temperature of 500 K, and the resulting thicknesses of the H and L layers are 725 nm

and 1,154 nm, respectively.
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TCO SiO;

Glass Air

Figure3-3. A onedimensional dielectric mirror comprised of alternating laye loigh index film, H,

(blue color)anda low index film, L, (gray colot)This dielectric mirror is coated onto glass.
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Figure3-4. Refractive index profile for a quarterave dielectric mirror comprised afgh index films
(725 nm, n=2) antbw index films(1,115.4 nm, n=1.3)

With respect td-igure3-5, alight beam (e.g. witlpower flux equal to the solar irradian€&,and
a spectral distribution similar to that from the sisnjpcident onto alielectric filmwhich is highly
transmissive towardsolar radiation allowing sunlight to pass, and highly reflective towards
thermal radiationpreventinga large portion of thenfrared radiant energy from exiting the
absorber which is acting liketdackbody émitting radiatiorwith wavelengths on the order of ~10
em depending on t blaekbadyy Acpoedmglyt ta iHustrate the nethasl of
designingadielectric miror to function as a solar control filnthe blackbody receiver is assumed

to be at an equilibrium temperature5ff0 K. Figure 3-6 illustrates the adiation spectrum for a
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blackbody at a equilibriumtemperature 0600 K. As can be seem Figure 3-6, the highest
intensity emitted fronsucha blackbody occurs at a wavelength @1 nm, and therefor this has
been chosen as the reference wavelength for the Breajg position of the dielectric mirror.
Accordingly, te thicknesses of thé andL films are set to be that af quarteiwave stack with a
reflectance peak wavelength of850 nm Considering the dielectric mirror with a stacking

sequence of [HIshownin Figure 3-4, thethicknesses of thel and Llayers within the mirror

would be725nm and 1115.4 nm, respectively.

Dielectricfilms

\
\
\
Y\

Receiver (blackbody)
Figure3-5. Schematic diagram of a dielectric mirror functioning as a solar selective film
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Figure3-6. Radiation spectrum for a blackbody aemperature 600K
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The reflectance spectrum for the [Histack is showrin Figure3-7. This reflectancespectrum
exhibits a strong reflectance peak witR\&HM of 2,150 nm, starting at,820 nm and ending at
7,070 nm, and a maximum reflectance value of ~98% in the spectatyiaf 5,810 nm.Over
thenear infrared and infraregspectral regionghe reflectance spectrushows fluctuations with

the reflectance valueemainingbelow 30%.For the visible wavelength range theflectance
spectra for th¢HL] ® stack exhibits drastic fluctuations with reflectance peak values exceeding 90
%. These reflectance peaks in the solar spegabncause ~ 23% of the solar irradiance to be
reflected.ConsideringFigure 3-7, theamount of solar radiation incident onto the sokgeiver
would be reduced to almost 77% of its original vaklued thughese reflectance peateducethe
efficiency and performanas thedielectric mirror in functioning as a solar control filfiro reduce
reflection in the solar speaim region, one can apply the graded index technique to increase
transmittance in the visible wavelength range while keepindnitje reflectancevaluesin the

infrared spectral regions, which will be discussed in the next section.
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Figure3-7. Reflecaincespectum for thequarterwave dielectric mirrowith alternating725nm thick H

1

and 1,154 nm thick L layers with indices of refraction of 2 and 1.3, respectively (e.g. the dielectric

mirror shown inFigure3-3)

59



3-1-2. Modelling and validation of the dielectric mirror design

In this thesis, a MATLAB code was developed based on the methods described in Séetion 3

that calculates the reflectance and transmittance spectra of dielectric micomsdingly,

Equation 35 providestheadmittance of each layer in matrix arrag$eformulatedfor all layers

andused as inpub calculatdhe reflectance and transmittanpresented in Equations13through

341 n order to calculate the blackbody radiatio
in Section 22 has been usedlso, in order to havehe gradedndex coatingoehaviouyinstead

of a constant value for thefractive indexthe calculatedrefractive indexbased on the method

which will bediscussedn Section 32 is used The developed code is presented in the appendix.

To validate the code, the reflectance and transmittance of dielectric mirrors are calculated and
compared to those studied in the literature. For example, the reflectance from a dielectric mirror
comprised of nine layers of polystyrene and tellurium iswdated and the results are compared

to experimentally measured resuliis Figure 3-8 [16(. Also, the transmittance of dielectric
mirrors comprised ofleernating layers of indiurtin oxide (ITO) and Si@nanoparticle films is
calculated and the results are compared to experimentally measured[d&i)lt&\s shown in
Figure3-9, the reflectance and transmittance spectra calculated using the MATLAB code provides
a good approximation to those reported in the literature. Discrepancies between the calculated and
experimetally measured spectra showrFigure3-8 and3-9 are attributed to differences between

the thickness or index of refraction values used in the experiment as compared to the values
assigned to parameters in the analytical method. &umtbre, the reflectance and transmittance
spectra calculated using the MATLAB code are compared with the results from COMSOL
Multiphysics software (version 5.3), which offers two separate modules that can be used for thin

film calculations (Ray Optics anwave Optics). The results from the MATLAB code are
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compared with those from COMSQhi Figure 3-9 and Figure 3-10. The results from both ray

optics and wave optics modules agree well with those of the MATLAB code.
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Figure3-8- Experimentally measured and calculated (MATLAB code) reflectance spectra of a dielectric

mirror comprised of nine layers of polystyrene and tellurja60
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Figure3-9. Expermentally measured and calculated (MATLAB code) transmittance spectra of

dielectric mirrors comprised of alternating layers of ITO and, 8&hopatrticle filmg161]
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Figure3-10. Transmittance of a dieleatrimirror comprised of alternating layers of TCO and;SiO

nanopatrticle films calculated using our MATLAB code and COMSOL Multiphysics software (five

layers of TCO and Si£with thicknesses of 60 and 90 nm, respectively).
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Figure3-11. Reflectance spectra from a dielectric mirror comprised of alternating layers of TCO and
SiO, nanopatrticle films calculated using our MATLAB code and COMSOL Multiphysics software (five

layers of TCO and SiO2 with thickness¥s/3 and 257 nm, respectively).
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3-2. Graded-index antireflection coatings

One way to increase the transparency in the visible range is to design the dielectric mirror such
that the refractive index profile betwedre HandL films within the mirror isa gradé-index

profile rather than a step function.i$hechniquanvolves usinga continuously varying inex of
refraction profile at the interfaces between the H and L layers within the dielectric.mirror
Southwell [L4]] investigatedthree differentindex of efractionprofiles (e.g. linear, cubic and
quintic profiles) to studytheir antireflectionproperties athe interface betweeitwo dielectric
media Here, the dielectric medaretwo films with no =2 andn_ = 1.3, and n and n are the
refractive indices of the two films at the interfaBeuthwellapplied these graded refractive index
profilesto glasssurfaces to redudbereflection from these surfaces in Wisible spectal region.

In this workthe graded index of refraoti profiles that Southwell consideratke appliedo each
interface inthedielectricmi r r or s t hat are designed to refl ect
graded index of refraction profiles are applied at the interfaces between the H and lithyers

a dielectric mirror to reduce reflection over spectral regions wherein the wavelength of light is
considerably shorter than the Braggak wavelength. Herein, this technigsieeferred to as the
interfacial graded index technique. Accordinglydielectric mirror isdesignedo function as a
transparent heat mirrahat exhibits minimalreflection in the solar spectral regiand a strong
reflectancepeakin infrared spectral regiongurthermorethe effects of altering the dielectric
mirror paraneters on its performance are investigatedthis work several cases have been
consideredvherein the width of the graded index of refraction profile at the interface between the
H and L layers is varied. The width of the region with a graded indexrattmin, denoted herein

as Win, is varied from 0.8di+n ) to 0.1(dL+n), wheredi+n = di + dy, anddn andd. are the

thicknesses of the H and L layers within the dielectric mirror, respectively.
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To show howgradedindex of refractiorprofiles can reduce reflection, consider an interfaitle
a stacking sequence fifH], as shown irfFigure 3-12. The figure illustrates theefractive index
variation for the linearKigure a), cubic Figure b) and quntic (Figure c) profiles based on the

gradedindex techniquavhere Win, is variedfrom 0.1:(d.+n) to 0.5(di++) and n is varied from

n=1.3tony=2.
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Figure3-12. Refractive index variation fahe linear (Figure a.), cubic (Figure b.) and quintic (Figure c.)

profilesbased on the gradéddex technique for twinterfaces withWgrin equal to0 to 0.5(d.+n), where
nn=2and pn=1.3

To demonstrate functionality of the technique, three different aHseserfacesare considered

here withstacking sequence$ [¢1L], [LH] and [LHL]. Figure3-13shows the index of refraction

profile at an [HL] interface for the cases dftap profile andhe linear, cubic and quintic profiles.

In general, e linear cubic, and quintitndex of refraction profiles are represented bBguatiors

3-6, 3-7, and 38, respectively.

| I 1 An nm A p (3-7)
wherel andl are the indicesf refractionof the incident and substrate media, respectively.
I I 1T oA CcA h m A p (3-8)
I I 1T pA p& @A h nm A p (3-9)

As can beseen inFigure 3-14, the interfacial graded index technigsenificantly increases the

transmissiorthrough the [HL] interface in the short wavelength region the other handhe
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reflectance from the [HL] iterfacein thelong-wavelengtrspectral region, showin Figure3-15,
remains almost the same as the ¢aséhe conventional interface wherein the index of refraction
follows asimple step profileMoreover, as shown iRigure3-15, the reflectance from the [HL]
interface with cubic or quintic interfacial graded index of refraction profiles better approximates
that of the conventional quartefave stackinterface as compared to the case when a linear
interfacial profile is usedrigure3-16 shows the index of refractiainrough arfLH] interfacewith

step, linear, cubic and quintgraded inde profiles. With referenceto Figure 3-17, the [LH]
interfaceexhibitsthe samdransmittanceas comparedo the [HL] interface and this is obvious
considering the transmittance relation provided earlier in Equat@r-urthermoreas can be
seen inFigure 3-19, the transmittancén the visible spectral region is the highest #ofLHL]

interfacewith interfacialgraded inde of refraction profiles, which arghown inFigure3-18.
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Figure3-13. Refractive index variation for different profiles based oninterfacialgradedindex
techniquewith Wyg;in=0.5 (dw + d.) for an interface witlstacking sequences [piL], having m= 2 and

n.= 1.3, respectively
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3-2-1. Designof transparent dielectric heat mirrors with different

interfacial graded index profiles and theiroptical performance

A dielectric mirrorcomprised of five byayers of filmswith n. = 2 and n = 1.3, andwith linear
interfacial index of refraction profiles (denoted asl[H>), is shownin Figure3-20 for different
values of Win. As shown inFigure 3-23, [H.L]° exhibitsa highertransmittance in the visible
spectrarange without the reflectance fluctuatidhat are present for the case of the conventional
dielectric mirror (e.g. [HL]). However, as can be seienFigure3-24, for Wgrin = 0.5-(dL+n ), the
reflectancdrom [HLL]? in the infrared spectral regiomdecrease as compared to the reflectance
from the conventional dielectric mirror, [HL.]JFurthermorethe FWHMfor [H.L.]® is equal to
1,550 nm with a maximumeflectance peakf ~90%.In comparisonthe FWHM for[HL]® is

equal to 2150 nm with a maximumeflectance pea&f ~98%.

For a cubic interfacial index of refraction profile (denotedtcLc]®), shown inFigure3-21, the
transmittance over thgolar spectral region is much greater than that ofL[H°. As shown in
Figure3-23Figure3-24, the transmittancia the solar spectral region for §Hc]® achieves values
ashigh as 98 % while thereflectance fofHcLc]® in the IR spectral region is greater than that of

[HLLL]® with a FWHM equal to 770 nmand a peak reflectanceaximum of ~95%.

When the interfaces between thilens with the higher and lower refractive indicegthin the
dielectric mirror is designed with a quintic index of refraction prdfilenoted as [HLg]°), as
provided by Equatiod and shownn Figure3-22, further improvements can be achieved. As can
be seen irFigure 3-24, the reflection in the infrared spectral region is significantly increased in
comparison to the cager [H.L.]° or [HcLc]® and the FWHM of the reflection peak equa6D

nm with a maximum of ~96%. At the same time, the visible transpaigeimprovedfor [HolLqg]°.
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Figure 3-25 showsthe percent transmittance of the solar irradiatge[H.L.]° [Hclc]®, and
[Holg]® for the cases in whicNWWgrin increases fron® to 0.5 (tu+n). Accordingly, Wgrin=0 is
representative of the dielectric mirror that iguarterwave stack with an index of refraction that
follows a step profile denoted by [HP] The solar transmission through the structure has a
maximum value of ~ 97 % fahe case when the dielectric mirror has the forrfHai_q]° with
Wgrin =0.5(tL+n). Figure 3-26 shows the solar irradiae spectra (the solar spectrum is
approximated by the radiation emitted from a blackbody at a temperattrd,800K) and the
amount of spectral power transmitted thugh [HL]®, [H.L.]® [HcLc]® and [Holg]® with

Wgrin:0.5' (dL+H).

Figure 3-27 and Figure 3-28 show the blackbodyadiationat a temperature d300 K that is
reflected by[HLLL]® [HcLc]®, and [HyLg]® for the cases in whicNVgin increases fron® to
0.5(di+n). Results show that [HE]Jprovides the highest reflectance which results in the highest
amount of reflected thermal radiation. However, [Malso has higher reflectance in the visible
spectrum compared to the rest of the cases wh@vginhas values ramgg from 0.1(d.+H) to
0.5(di+n), which means that [HE]Jexhibits the lowest transmittance for the solar irradiar.

can be seerconsidering different profiles antqrin, the dielectric mirror with [HL] exhibitsthe
maximumthermalradiationreflectance value of ~ 42 % followed by ol o]° structure with
Worin = 0.5(du+H) which reflects ~37 % of the thermal radiatiorFinally, Figure3-28 depicts the
blackbody radiation spectrum from an emitter at a temperature of 500 K and the amount of spectral
power reflected by [HLF [HLLL]®% [Hclc]® and [Holg]® with Werin=0.5-@L+H).

In the following, in Chapter 4the effects of altering the dielectric mirror parameters on its
performance will be investigatediccordingly, the sensitivity of the transmittance and reflectance

spectra of the dielectric mirrepresented in this chapten their number of layers, resolution of

71



thar refractive index profiles, refractive index, number of stacked dielectric mirrors, absorption,

and incident angle of the incoming lighiil be analyzed.
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Figure3-20. Linearrefractive index variation fodifferent W:in equal t00.1:(do++) t0 0.5 (d.++) based
on the interfacial gradeithdex technique for two dielectric media with stacking sequences_bf [H

comprised of twalternatingfilms with ny =2 and n= 1.3 respectively
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Figure3-21. Cubic refractive index variation for differemalues ofWyg:in equal t00.1-(d++) t0 0.5 (di+n)

based on the interfacial gradiemiex technique for two dielectric media with stacking sequences of
[HcLc]®, andcomprised of twalternatingfilms with ny=2 and n= 1.3, respectively.
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Figure3-25. Percent transmittance of the solar irradiance as a functionafeW[HL]®, [H.L.]°,
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3-3.  Summary

In this chapter,a transparent selective coating in the form dafiglectric mirror comprised of
alternating layersvith differentindices of refractionvas designed. e alternating layers of films
weredesigned to selectively reflect light strongly over the iméd spectral region while being
highly transmissive towds solar irradiance. In order to accomplish this, thin graded index layers
weredesigned as anteflection coatingst the interfaces between the alternating layers within the
dielectric mirror Three different index of refraction profilegereconsiderd including: 1. a linear
index variation, 2. a cubic index variation and 3. a quintic index vari®Riesultsshowed that the
quintic profile provides better results for the reflectance and transmittance contributionsezbmpar
to the casesvhenthe gradedndex profile islinear or cubic. In the followingin Chapter 4,
sensitivity analysisof the transmittance and reflectance spectra of the dielectric heat mirror
towards different parameters will be discussed including the number of layers, resolutien of
refractive index profiles, refractive index, number of stacked dielectric mirrors, absorption, and

incident angle of the incoming light
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4., Sensitivity analysi s

In this chapterthe effects of altering the transparent dielectric heat mpemameters on its
performance are investigated. That is, the sensitivity of the transmittance and reflectance spectra
of the dielectric mirror towards its number of layeesalution of the refractive index profiles
refractive index, number of stackedeldictric mirrors, absorption, and incident angle of the
incoming light is analyzed. In this chapter all dielectric mirrors are designed, according to the
methods described in Chapter 3, to maximize reflectance of the radiation spectrum emitted from a
blackbody solar receiver that is at a temperature of 500 K, and the corresponding thicknesses of
the H and L layers with refractive indices of 2 and 1.3 within the dielectric mirrors considered in
this chapter are 725 nm and 1,154, mespectively Moreover, delectric mirror designs with

linear, cubic, and quintic refractive index profiles at the interfaces between their high and low
index of refraction layers are considered along with the conventional case wherein the refractive

index profile at the interfasewithin the dielectric mirror is represented by a Steqction.
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4-1. Effects of altering the angle of incident light on the performance of

transparent dielectric heat mirrors

To investigate the effects of altering the angle of incident light on the triasoa and reflectance
spectra a dielectric heat mirratith a stacking sequence of [HL consideredwhere H and L

represent filmsvith refractive indices equal to 2 and lr8spectively

Using the methods described in Sectieh, 3he dielectric miwrs are designed to optimally reflect
radiation from a blackody with a temperature of 500 K, and the resulting thicknesses of the H
and L layers are 725 nm and 1,154 nm, respectively. Furtherrti@edielectric mirrors
investigatechereare comprised dive bilayers, and the cases of linear (e.g.JH®) , cubic (e.g.
[HcLc]®), and quintic (e.g. [HLg]®) interfacial index of refraction profiles are considered along
with the conventional quartevave stack wherein the index of refraction profile ssegfunction

(e.g. [HLP) at the interface between the H and L layers. Also, the width of the region with a graded
index of refraction, denoted herein agMVis equal to 0.5¢+1) whered,+n = d.+dH, anddn and

d. are the thicknesses of the H and ydes within the dielectric stack, respectively.

Figure 4-1, Figure 4-2, Figure 4-3, Figure 4-5 and Figure 4-7 show transmittance spectra for
dielectric mirrors with [HL]®, [HLL.]®, [Hclc]® and [Holg]® stacking sequencesnd
Wyiin=0.51dL+n) for the cases in which light iscidentfrom anglesof 0, 5, 10, 15, 20, 30, 4and

50° with reference to the direction that is normal to the planar surfaces of the dielectric mirror.
Likewise, Figure4-2, Figure4-4, Figure4-6 andFigure4-8 show the reflectance spezfor the
corresponding cases. As candaenin Figure4-2.a, Figure4-4.a, Figure4-6.a andrFigure4-8.a,

for the reflectancepectraof P-polarized light, increasing the angitincidence causes ti&VHM

of the reflection peafor [HL] >, [HLL(]> [HcLc]® and [HoLg]® to decrease from 2,140 nm, 1,550
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nm, 1,770 nm and 1,870 nm for an incident angle€ o @,350 nm888 nm, 1,094 nm and 1,172

nm for anincident angle of 59 respectively. Similarly, the corresponding maximum peak
reflection values fofHL] °, [H.L]®, [HcLc]® and [HoLg]® decreases from 97.97%, 90.2%, 94.4%
and 95.53% when light is normally inciden®.48%,69.85% 78.3%and81.22%when the light

is incident from an angle of 3With reference to the normal direction, respectively. This is while,
with respectto Figure 4-2.b, Figure 4-4.b, Figure 4-6.b and Figure 4-8.b which show the
reflectancespectrabased on the-Bolarized estimations, increasing the angle of incidence will
result in the increase of the FWHM of the reflectance spectra from the delaatrors with

[HL] >, [HLLL]®, [Helc]® and [Holg]® to 2,300 nm 1,687 nm, 1,902 nm and 1,997 nm when light

is incident fromb(0°, respectively. Likewise, the corresponding peak reflectance maximum values
increases t6:99.63%, 96.88%, 98.48% and 98.9%spectively. It should be noted that, although
the SPolarized estimations illustrate higher FWHM and peak reflectance maximues weltich

result in a higher percentage of reflected thermal radiation asshd-igure4-14, the refectance
values in the visible spectrum also increase which results in an undesirable reduction in the
percentage of the total solar irradiance transmitted through the structureismictvn inFigure

4-13.

Figure4-9 andFigure4-10show a comparison of tramittance spectrf@r dielectric mirrors with
[HL] >, [HLLL]®, [Helc]® and [HoLg]® for the cases in which light iscidentfrom angles oD, 10,
and20° and is PPolarized and ®olarized, respectivelyikewise, Figure4-11 andFigure4-12
show a comparison of reflectangectrarom dielectric mirrors witfHL] °, [HLLL]>, [HcLc]® and
[HoLq]® for the cases wherein thecident anglesire 0, 10, and 20and the light is Folarized

and Spolarized, respectively
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When the incident angle of the light is greater thah 8@ Bragg reflector behaviour is no longer
seen and most of the energy from the sun is reflected by the dielectric mirror. This behaviour is
noticeablan Figure4-13 andFigure4-14 wherethe percent transmittance of the solar irradiance
and the prcent relection of the radiation spectruemitted from a blackbody at T= 500through
dielectric mirrors with differeninterfacial index of refraction profigeare plotted fo[HL]?,
[HLLL]®, [Hclc]® and [HoLgl®. As can be seeim Figure4-13.a, tte Rpolarized prtion of solar
radidion transmitted through the dielectric mirrdrops from roughly 97.25% when light is
incident from the normal direction to just below 50% when the light is incident from an angle of
85°. Here, the solar radiation transmitted through a dielectric mirror with a step profile shows a
drop from 76.91% weén light is normally incident to 53.6% when the incoming light is incident
from an angle oB85°. This is while, as showin Figure4-13.b, the faction ofS-polarizedsolar
spectral power transmittetirough[HL] >, [H.LL]>, [Hclc]® and [HoLg]® decreases to ~16.81%,
30.92% 33.54%and34.69%at the incident angle @5°, respectively. Moreeer, Figure4-13.c,
shows the mean transmittance based on tRel&ized and #olarized estimations which results

in a smooth dropotapproximately 42.2% fdHL.]®, [HcLc]® and [HoLg]® and lower percentage

of 35.21%for [HL]®. On the other handrigure 4-14.b plots the percerreflection of theS-
polarizedradiation spectruramitted from a blackbody at ¥ 500K by the dielectric mirrowhich
increases from ~30.11%, 35.03%, 37.22% and 42 ®&6&&H light is normally incident to as high

as 81.92%, 82.92%, 83.39% and 86.33% when light is incident from an angl& fof §5L]°,
[HLLL]® [Hclc]® and [HoLgl®, respectively. This is while, the percentage -@idParized radiation
emitted from a blacklty at T = 500 K that is reflected is as low as 47.45% when the incident

angle is85° as shownn Figure3-18.a. FurthermoreFigure4-14.c shows aincrease to 47 % in
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percentreflection of thetotal radiationemitted from a blackbody at T= 500#r the case when

the incident light is half ypolarized and half-polarized andricident from an angle of 85
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Figure4-1. Transmittance spectfar [HL]° comprised ofilternatingfilms with n,=2 and n=1.3with light
incidentfrom angles of 0, 5, 10, 15, 20, 30, 4bd 50°
a. Considering Ppolarizedlight andWgin=0.5 (d.++)

b. Considering $olarizedlight andWgin=0.5-(d.+H)
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b.
Figure4-3. Transmittancespectra fofH.L.]°> comprised oflternatingfilms with n4=2 and n=1.3with light

incident from angles of 0, 5, 10, 15, 20, 30, 40, antl 50
a. Considering Ppolarized light andWgin=0.5-d.++)

b. Considering $olarizedlight andWgin=0.5-dL++)
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