ABSTRACT

LIU, SIPAN. Optical Nanocomposite System Design and Fabrication by Multiphysics
Computational Approache@nder the direction of Dr. Jong Eun Ryu).

This doctoral research presents a comprehensive study on the design and fabrication of
optical nanocomposites utilizing multiphysics simulations to enhance and predict their functional
properties for advanced applications.

Firstly, this research embarks on the development of a Finite Element Analysis (FEA) model,
based onthe FabryPéot interference theory, to predict the refractive index (RI) of
nanocomposites with greater precision than traditional Effective Medium Approximation (EMA)
methods. This FEA model accounts for the complex physical phenaffents on effectivil,
such as nanoparticle size, distribution, and morphology, and quantitatively investigates their
effects on nanocomposite behavior. The accuracy & thodel is substantiated through
experimental validation, demonstrating its potential to-furee Rl in reatime applications.

Secondly, extending the FEA model's capabilities, a hierarchical simulation framework is
applied to the performance analysis of laser ultrasound transducers (LUTSs) acoustic output. The
simulationgdivide the nanocomposite design's influence on LUT characteristics at multiple scales,
from material attributes to device response aedr/far fieldacoustic wavepropagation By
simulating energy conversion from laser incidence to ultrasound genethtsostudyrevealshe
parametric dependence of LUSfficiency on nanoparticle size and concentration, guiding the
optimization of photoacoustic nanocomposites for desired properties such as high pressure and
broad bandwidth. Another innovative application addressed is the development of flexible
polyimide-based LUTSs, whiclare superior to PDM$Sased LUTSs for higlirequency and high
temperature environments. The integration of carbon nanotubes with a polyimide matrix composed

of pyromellitic dianhydride and 2;Dimethyl4,4-diaminobenzene (PMDAMDB) is guided by



FEA and Design of Experiments (DOE). Thiana@omposite showcases remarkable thermal
stability, provingbeneficialin experimental assessments of peak frequencyegative pressure

The flexibility and negative pressure performance are further evaluated, with Kapton tape
substrates demonstrating the LUTs' operational resilience.

The last facet of this research tackles the global challengebhgenergyconsumptiorby
scalablefabricating spike microstructured photonic nanocomposite coatings through a template
free roltto-roll processThe optical and thermal simulati®were conducted to design thagh
performance passive radiative cooling coating with surface microstructlinese coatings
comprise A#Oz and TiQ nanoparticles, achieving over 96 solar reflectivity and 9% thermal
emissivity, verified under direct sunlighThe coatings are applied in practical scenarios,
showcasing a notabteduction in cooling energy consumption due to their radiative cooling power.
Additionally, their superhydrophobic and contamination resistance traits add to their utility and
sustainability, supporting their deployment across diverse climatic regions.

This doctoral resarch bridges multiple domains, from theoretical modeling to practical
application, using multiphysics simulatiotes advancehe field of optical nanocomposites. The
integrated approach for RI prediction and property optimization across various projects
emphasizes the crodssciplinary utility of the FEA methodology. It significantly impacts material
science, offering scalabkolutions for realvorld problems inaser ultrasound transduseand
passive coolingoatings The productionof this work highlights the strategic interplay between
advanced computational techniques and experimental validation, paving the way for future

innovations in nanocomposite technology.
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CHAPTER 1.INTRODUCTION
1.1  Motivation and literature review

Compositeavebeen used for thousands of years since concrete was used in the building
in the Roman periodl]. Composites have benefits comibigpthe advantages of each consisted
material.In recent decadesarious composites have beased in research and indusfgy 16].

The mostlassicexample is carbofiber reinforced polymer (CFRRpmposie, whichis used in
mechanial componentandequipment (such as pressure vessgtplanes, supercas, and sports
appliances) toeduceweight, reinforcestrengthandimprovethe performance of the prodyti
20]. On the other handsahe nanocomposite fabrication techniquagures to satisfy highuality
requirementsnanocompositdsave been broadly used to replace traditional mat¢2i&i24]. For
one example,norganic nanoparticles have also been used to reinforaefitaetive index RI)
and the thermomechanical stability of optical polynj2i 36]. For another example, tano
carboripolydimethylsiloxane (PDMSgomposite wastudied and developed kser absorption
layer material for the laser ultrasound transddcerto itshigh optical absorption (frorthe nane
carbon materig) and high thermal expansion coefficient (from PDM$2,37,38] As the
applications continue to grow, there is a noticeable surge in the need f@ckigiacy prediction
methods for the physical characteristics of nanocomposites during the initial design and
development phases.

Scientists have formulated numerous models to predict the properties of composites. For
instance, they have employed mechanics of material approaches, such as the Voigt model and
Reuss model, to assess the mechanical properties of composite laminarestr{@®40].
Additionally, they have constructed the Effective Medium Approximation (EMA) theory to

forecast the electrical and optical properties of nanocomp$38&43]. Subject to specific scale



conditions and assumptions, these models forecast material properties with minimal error,
providing valuable assistance to researchers in advancing composite maifidis]
Nevertheless, these classical models face challenges in effectively predicting properties when
confronted with multiscale and multiphysics probldd¥46] In instances where the dimensions
of embedded patrticles within optical composites reduce to the nanoscale, resulting in pronounced
variations in light scattering intensity, it becomes evident that the effective refractive index of
nanocomposites is tied the morphological characteristics (i.e., size and shape) of the particles
and the dispersion conditiofig5,26,29 35,43,47] When a nanocomposite has functions related
to multiphysics, the classical model is unable to accurately calculate the materials' performance
due to its inability to focus on the specific area where the physics occurs within the nanocomposite
system[44].

Our research employed the finite elements analysis (FEA) apprmagiredict the
multiphysics behaviors of composite systems integrating multiscale comp§t@gints general,
the FEA simulation could help reduce the product development cycles, decreasesttiod
materials, and even monitor the conditions thatexperiments could not reach in both research
and industryFEA is built onaphysicsbased model with relatiye small solving space (meshing
grids). Hence, it catomputephysicalequations irarelatively small area. When the meshing is
small enough, FEA can consider the materials different in a complex material system such as
nanocomposites, and ggtmoximate solutions for the problems with high accuratyractical
however, both multiphysic and multiscale probdare also challenging for FEA simulation. More
specifically, the multiphysiproblemneed comprehensive understanding and sophisticated model
tuning to ensure the modedetting are reasonable for all physics used in the modEte

multiscale problem, such as small feature or wavelength limitation in a large model (over 100



times), will lead to meshing scale and quargityblemswhich makes the computation impossible
[49]. Some methods were proposkd the authorto solve this problem: hierarchical ports
connection,and physicatbased effective properties estimatif8v]. By sophisticatedmodel
manipulating and design, the multiscale and multiphysics problems can be solved.

When researchers need to design nanocomposites, the situations are more complex. The
design is an inverse process fromdlesiredoutput tochoosing material properties and structuring
layout designHowever, some underlying principles in practer@ unclear when researchers
design the nanocomposifg7,44,45] Hence, the desigis sometimesioncomprehensive and
even blind. Fortunately, the si mywhhdoesmad 6 mer
need long period to achievelarge amount of experiment data. Then, statistical design and
machine learning can help research inverse deslggn it is possible to have simulation data
deposition[50,51] These methods can further build a statistical model to antigzenderlying
relation between each property and the expected output. Inversely, the statistical or machine
learning models can direct tlohoice of materiahnd structure desigibli 53]. As the model
becoms reliable after several rounds of training, the researcher can elitiaadt®itation of the
computation ability and use this kind of modet different scale mods| which could induce
computation problesin FEA simulation. Moreover, the trained model may also give novel

solutiors for the composite design that have not beeluded in the training datagé?].

1.2 ResearchObjective
This doctoral research will advance knowledge of the optical nanocomposite design and
manufacturing by examining utilizations of the multiscale and multiphysics nanocomposite design

method in a) optical nanocomposite refractive index prediction and thestigation of



nanoparticles morphology and distribution effectstumeffective refractive index; kjesign of
novel high temperature and high frequency laser ultrasound transducer materialsjesgincdf
energysaving passive radiation cooling materighe three objectivesere

a) To develop FEA-based models predicting the effective properties of composite
materials by accounting for the embedded particles morphology (i.e., distribution, size,
and shape)lheexamplewasoptical polymer nanocomposites. The Fibased model
reveaedthe intrinsiceffects ofthe distribution and morphology of nanoparticleston
effective optical properties.€.,refractive index)Furtherasimilar approach was used
to predictopt i c al absorption coefficieands, Yo
thermal conductivityof nanocomposites.

b) To huild multiphysics and multiscale FEA modéb predict the acoustic performance
of novel nanocomposite laser ultrasound transducer (LT8 parametric study based
on the FEA models allowed the discovery of novel LUT material designs for higher
device performancesuch as higher negative pressure and high temperature
environment applicatianThe designed composite material was verified by device
testing.

c) To huild multiphysics and multiscale modete predictthe optical and thermal
characteristic®f a microscale topographical coating film, which was fabricated by a
scalable roHto-roll method. A multifunctionapassive radiative cooling®RC)coating
was achieved by optimizinthe opticalproperties (i.e., reflectance and absorptance)
andthe interfacial characteristi¢se., superhydrophobic)Tlhe PRC coatingchievel

subambient cooling effects.



1.3 ResearchPlanning and Dissertation Outline

In Chapter 2, the effective properties of nanocomposites were estimated by fitting FEA
simulation results in the physical models. First, the FEA simulation of reflection spectra from the
optical nanocomposite was used to calculate the effective refraudie (RI) using the physical
relationship between spectral reflection and RI. The #ased model allowed the investigation
of the effect of the nanoparticle morphology and distribution. Optical absorption coefficients,
Youngos mo dul e s ,nd tRevmalk corductivily ofr reaiocomposites were also
calculated using@ similar approach.

I n Chapter 3, the dissertation consists of
(LUT) design, optimization, and fabrication. The LUT design encompasses a multiphysics
approach, incorporating optics, heat transfer, solid mechanics, and acolgsicsp A
multiphysics and multiscale FEA LUT model was constructegremlict the acoustic output
accurately Utilizing the effective nanocomposite properties derived from Chapter 2 models, the
FEA model played a crucial role in optimizing the layout aadocomposite designs for the LUTSs.
Moreove, the statistical analysis was conducted based on the dataset generated by the FEA model.
The analysis results directed the development of a new generatjpolyaiide nanocomposite
high-frequency and highemperature LUT.

In Chapter 4, the dissertation consists of the multifunctional nanocomposite manufacturing
for passive radiative cooling coatings. The effects of microtopography on the coating surface at
the solar spectrum and midfrared were investigated by multiphysicimulations and the
backscattering scattering theory. Furthermore thleemal performance of the designed material
was demonstrated by simulation. A novel roller process achieved the optimized microscale

topographical surface, where the viscoelasticypelr composites spontaneously form the



microscale 3D textures due to the roll shieauced interfacial instability. The stgmbient
cooling effects of the films were demonstrated by thlel fiestsincluding the cooling power test
andthe temperature dropping test. Lastly, the US national scale building cooling energy saving
effect was demonstrated by simulation around the US.

The final chapter summarizes the Ph.D. work, andptrspectiveon thefuture work is

provided.Figurel.1 shows the milestones of this dissertation.

Research objective

* FEA simulation guided multifunctional optical nanocomposite development

. . . Task: Properties predicting
1. Optical Nanocomposite effective

properties finite elements analysis
(FEA) model

1) FEA refractive index (RI) predicting model
2) Particle distribution and morphology effect on RI

3) More nanocomposite effective properties model

Task: High-frequency and high-temperature LUT.
1) Multiphysics and multiscale FEA LUT model

2) Statistical analysis and new material proposal
3) Polyimide-based LUT fabrication and test

2. Nanocomposite laser ultrasound
transducers’ (LUT) design,
optimization, and fabrication

Task: Photonic passive radiative cooling coating
3. Scalable radiative cooling 1) Optical-thermal design simulation
nanocomposite design and fabrication 2) Template-free roll-to-roll fabrication

3) Building cooling & Solar panel cooling application

Figurel.1l. Doctoral research tasks.



CHAPTER 2. THE EFFECTIVE PROPERTIES PREDICTION.

2.1 Background
Polymers have been widely used as optical components in a variety of settings, such as-the micro
lens array on image sensdg54], antireflection films[3], lenseq9], and polarizer$10,11],
which are produced by facile coating or molding methods due to the processibility of polymers.
Polymers are inexpensive, lightweight, and easy to process compared to inorganic materials of
thar functional counterparf®5i 57]. However, some intrinsic limitations of polymers, including
low refractive index (RI), spectral absorption, and thermal degradation, remain challenges in
designing optical devices with tuned optical polyn{é&58 64]. For those reasons, reinforcing
the deficient physical properties has been a significant effort in photonics and optics research with
polymers[54,65 70].

Moieties with high molecular polarizability, such as chalcogef2de36,71] phosphorus
[72,73] halogerelement74], and organomet§R8,75 77], were incorporated into the polymers
to adjust the RI. For example, the RI of poly(sulfandom1,3-diisopropenylbenzene) (polHiS
DIB)) was increased from 1.765 to 1.865 at the wavelength of 633 nm as the weight fraction of
the chalcogenide (S) varied from %0 to 70% [36]. Olshavskyet al synthesized a series of
polyphosphazene with organic side groups containing halelgements (Br or I) to tune the RI
ranging from 1.60 to 1.75 at the wavelength of 550["A&). An organometallic hyperbranched
polydiyne, poly[tris(4ethynylphenyhlamine](Co) (hBPTEPA(Co)), showed the refractive index
as high as 1.8181.713 at the wavelength of 600 to 1700 [@%]. However modifyinga polymer
chemical structure by substituting with high polarizability moieties often deteriorates the
structual stability. It thus results in the lower glass transition temperalgjea(d the mechanical

modulus[27,28,36] For instance, although the RI of polyw(®IB) can be increased due to



changing the sul fur content from 50 wt% to 70
GPa to 0.43 £0.08 GPa, the tensile strength lowers from 10.1 £2.11 MPa to 2.33 £0.15 MPa,
and theTg also reduces from 36.5 to 90O [36].

Inorganic nanoparticles have also been used to reinforce the Rl and the thermomechanical
stability of optical polymers, while the polymer matrix provides the structural integrity necessary
for good processabilitj25,26,29 35]. For example, Islarat al.achieved a simultaneous increase
of the RI and thdy of poly(Sr-DIB) from 1.67 to 1.78 (6.58 %) and from @6 to 31.4°C,
respectively, by adding 20 wt% ZnS nanopartigdghout an optical transmission loss in the mid
wavelength infrared (MWIR) regime {35 €[85)78] In addition, Camenzinet al.obtained a
Youngbés modulus increasing of polydi met hyl sil
adding 15 vol% silica nanoparticlg&9].

Table2.1. EMA model summary.

EMA model Formula
MGT g ¢ cae ¢
P CE € Q¢ €
Bruggeman "Q : : Q ¢ & TT
99 PR T @
€ £ €
LorenzLorentz P p Q- P Q P
€ G q € S
Drude € p Qe
Parallel 3 p Q¢ ¢

Effective medium approximations (EMASs) are the most used design principles of optical
nanocomposites. The representative EMA models, such ddakeell-Garnett theory (MGT),
LorenzLorentz (L-L), Bruggeman, Parallel, and Drude models, are summariZeabie2.1. The

LorenzLorentz, MaxweHGarnett, and Bruggeman equations were used to predict the permittivity



of polymer compositelgl0,80 83]. The general equation for the Lorelnarentz, MaxweHGarnett

and Bruggeman effective medium expression is:

0 0 01

whereU ,n, 20t &) andf, are the effective permittivity of compositie permittivity of a host
medium, permittivity of pure phases afandb, and the volume fraction of the phaseandb,
respectivel\j80]. If the host material is empty spatk= 1), the composite consists of only phases

a andb. Equation2-1 reduces to the Lorerzorentz expression (Equati@?). If heterogeneous
materials (e.g. nanoparticle composite), whose size is smaller than the wavelength of interest but
large enough to haviheir own dielectric identity, embedded in the host material (plaase
nanoparticle; phasbk = hosting materialy = p)IJEquation2-1 yields the MaxwelGarnett
equation as Equatio?3. However, fothe MGT model iffa > f, @ more appropriate choice for
hosting material would be phase a. This ambiguity over the host material was resolved by
Bruggeman by assuming the inclusineEng4.dhee embe
Bruggeman effective medium expression is shown in Equatinit is worth noticing that the
Bruggeman model does not estimate the permittivity well when the particle volume fraction is low.
The dscrepancy will be apparent whéngoesto 10 vol% and be dramatical wh&rgoesto 30

vol%.
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chain n,
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The upper and lower limit values of the permittivity of composites can be calculated by

Wiener bounds, where the whole phases are ideally arrangedeanal and parallel manner.

Wiener bounds can be expressed-a%: " 8 Q- ® (Parallel model) and — —.

Drude model, which is designed for metal material, always exdbedupper limit value
defined bytheparallel model:
- NN 2-5

From the relation between RI and dielectric constaatknow that:

3 ‘- 2-6
where' is permeability and is permittivity. But almost all naturally occurring materials are-non

magnetic at optical frequencies, thatis very close to 1. So approximately we can get the

relation between permittivity U and RI n.
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& 2-7

The permittivity,{) in the formulas of EMA RI models can be replaced bynRFor allthe
following formulast : effective RI;¢ : RI; "Q: volume fraction of nanoparticle; i =1: nanoparticle,
2: polymer matrix).

MGT model is shown as Equati@m. In general, due to assuming the patrticles are spatially
separated and particle interactismeglected, the MGT model is expected to be correatat
volume fractiorfy. Especially when there &resonant between particles, such as the MGT model
is correct only at volume fractida<10° when plasmon resonance appgaf.

. . cQ¢ € 2.8
€ € . . pry— : -
P Ce € Qe €

LorenzLorentz formula Equatio®-9 was proposed bag®n the assuming that Rl is only
relatedto the density of the material. When this model was created, it only fdause single

particle so itdid not consider the intersection between particles.

€ €
P p Q- P Q P 2-9
€ q € C € q
Bruggeman model:
p Q5 - Q- - Tt 2-10
€ ¢ € g
Drude model is designed for metal material:
£ p Q¢ 2-11

The Rarallelmodelformula (Equatior2-12) is based o simple two parallel planar plate.
Derive the RI from average light velocity. It is not desidfor particle composite at all andeés
not consider the physical phenomenon that will appear on particles.

¢ p Qi @ 212
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However, the EMA models are based on only the volume ratio and RIs of the constituent
materials[43,86], excluding the effect of the nanoparticle morphology (particle size, shape, and
orientation) and the dispersion state. It is often found that there is an apparent discrepancy between
experimental results and EMA predictif@®i 43]. Furtherchoosingan EMA model for a specific
composite material system is often arbitrg#8]. Therefore, the beditting model for the
nanocomposite is to be justified only through experiments.

On the other hand, the effective properties of the composites can be indirectly derived
through physicdbasedequationsnterrelating the system responses and stimuli. In this study, we
demonstrate a proaff-concept to predict the Rl of nanocomposites from the FBBot (F-P)
resonance behavior simulated by t heEduatiosi t e el ¢
The effective RI of the nanocomposite can be calculated usingRhesonance wavelength and
the composite film thickne$87]. Sincethe FEA and effective RI calculation are based on physical
principles, the derived Rl is expected to be more reliabletttaBMA models, which interpolate
the effective property based on the volume ratio between two materials. In addition, the FEA
method can evaluate the nanoparticle morphology and spatial distribution through the model
design.The objectives of this study are thiiedd: firstly, to create a physidsased FEA model to
predict the effective RI of nhanocomposites, followed by tHelaton using data reported in the
literature; secondly, to fabricate and characterize the MWIR optical nanocomposites with the FEA
based material desigguideline; finally, to elucidate the effect of the nanoparticle morphology and

arrangement on the efftive RI that are unattainable by the traditional EMA models.

12



2.2  Models and Method
2.2.1 Fabry-Péot (F -P) interference.

Fabryi Pé&ot interferometer (also called Faliigé&ot resonator) was introduced by Charles
Fabry and Alfred Pé&ot in 189fB8]. The schematic dheFabryi Pé&ot interferometer ismoptical
Standwave resonator. A FabirfPé&ot interferometer consists of two planar mirrors, shawn
Figure 2.1. In practical, these two mirrors can be two istefaces of two materiad that have
different optical constas{especially RI). When a beam of light incident into the resonator cavity.

A part of the |l ight wild/ be reflected on the

reflected in the cavity many times or just go through. Finally, these bealighiofvill have

different optcal lengtts which leadgo a phase difference. Therefore, an interference will appear

in the reflection or transmission light. At the received spectrum, we can observe these interference

fringe. The fringebs peaHerinulavavel ength can b
a=2ndcosd/ m 2-13

wheread s t he peakds | oisthetRi a the medial isvthevtreckness] s tha |,

incident angle of lightandmi s t he peakés order number .

Al so, researchers can use frequency (f) or
which is more convenienWh en we wuse frequency (f) or waven
two neighbor peak&p " is constant :

¥ = m/ 2onfdc ons/d2ndcosd 2-14
¥ = 1/ 2ndcosd 2-15

When the incident angle set is 0, the formulas besimplified as:
a=2nd/ m 2-16

¥ = m/ 2nd 2-17

13



planar mirrors

Figure2.2. F-P cavity schematic and film samplePFschematic

2.2.2 Finite Element Analysis Model
The dips in the reflection spectrunR)Y appear at the Fab#éot (F-P) interference resonance
wavelengthsm of the nanocomposite cavity bounded by two closed boundaries as illustrated in
Figure2.3, and the effective refractive index (RI) can be described as

¢ a_ TcoAT-6 2-18
wheren, t, d, andm are the effective RI, the thickness of the nanocomposite cavity, the incidence
angle, and the integendicatesthe order of the interference fringe, respecti@§i 93]. The
multiple air, Au, and nanocomposite layevere modeled with COMSOL Multiphysics using the
Wave Optics Modulg94]. The incidence angld was normal to the top surface in the FER=(

0).
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Figure2.3. 2-dimensional (2D) FEAyased simulation model for the optical cavity made from
the nanocomposit&lanoparticles are assumed to be evenly dispersed in the polymer matrix.

The waveequatiors for COMSOL optical modules are:

o Q-

r of o F oo Q

2-19

2-20

whereko is the free space wave numbdt,is the electric fieldJis the permittivity, andk; is the

out-of-plane wave number.

The procedure used to calculate Rl from COMSOL reflecteemdts is shown ifigure

2.4. The steps involved are: (1) Build COMSOL model, (2) Compute the model to get the

reflectance spectrum with fringes, (3) Locate the wavelength of the spectrum resonances and order

number, and (4) Uséquation(2-18) to calculate the effective Rl
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Figure2.4. Effective RI calculation procedure from the simulated reflectance spectrum.

Due to the intensive computational cost @fiiensional (3D) model analysis, the feasibility

of using a 2D model was verified by comparing the reflection spectra. As the verification study,

BaTiOs nanoparticlé poly(methyl methacrylate) (PMMA) composites were used in 3D and 2D

models. The equivalence comparisosimulations based on 8 vol% BaBR®MMA were

performedusing2D and 3D models. TheBaTi@ ar t i cl e d s

The PMMAOGS

composite

R

.49

RI is 2.4,

| ay e andtt he crkanresmaritsi dl ¢esng di amet er

3D models are 62.5 nm and 38.5 nm, respectively.
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Figure2.5. Comparison of 3D and 2D models for 8 vol% Ba7RMMA composite (a) 3D
mode] (b) 2D model and(c) the overlay of theaflectance spectra from simulation.

Table2.2. 2D and 3D model comparison.

3D model 2D model Error
Resonance waveleng Rlrea Resonance waveleng Rl o on
(pm) (pm)
0.636 1.59 0.635 1.5875 0.001 0.0025(0.16%)
0.792 1.584 0.791 1.582 0.001 0.002(0.13%)
1.052 1.578 1.051 1.5765 0.001 0.0015(0.10%)

The locations ofhe F-P resonance dips in the simulated reflection spectra using 3D and 2D
models were compared, and the differences at the wavelengtisvefe negligiblegpad 1 nm) .
Note that the difference of calculated effective RIs using 3D and 2D models was obtained with
0.1% ~ 0.16%. The detailed optical properties of Bagifarticles and PMMA matrix, particle
size, the content of particles, and the simulated reflection spectra of then8[2Dmodeled
BaTiOsi PMMA composite cavity are provideimh Figure 2.5 and Table 2.2). Following the

feasibility test, 2D models were employed for all subsequent simulations.

17



The layer of Au placed on top tifenanocomposite cavity was used as the closed boundary,
and its thickness was chosen to be 50 nm for a high Q factor as a measure of the sharghess of F
resonanceThe sweep parameter simulations optimized the Au thickness for the closed boundary
model . Au thickness from 1 nm to 100 nm was
thickness of 1 pmThe preliminary results are shownkigure2.6, Figure2.7, andTable2.3. The
complex refractive indices of Au arair were taken from datiiom Ordal et al.[50] and Ciddor
[51], respectively. The closed boundary at the bottoth@hanocomposite cavity system was set
as a perfect electric conductor (PEQivalent to a perfect metal achieve perfect reflection and
no phase lossAdditionally, the periodic boundary condition walkosenat the vertical sides
(parallel tothey-direction) oftheunit cell, andk-polarized light (TMpolarized light) was incident
along the normal directiony{direction) as shown inFigure 2.3. The thickness of the
nanocomposite cavity was selected to be much larger than the size of nanoparticles (~30 times) to

ensure homogenous dispersion conditi®as96]

Table2.3. FEA-based RI[R f e ncalculating result from reflectance spectra of changed top Au
thickness closed boundary FP mqadetheret is the thickness of nanocomposite layeis the
incident light wavelength

Au thickness (nm) t (pm) _ (pm) Rlrea Error
1 1 4.585 2.293 38.94%
2 1 4.03 2.015 22.12%
5 1 3.62 1.810 9.70%
10 1 3.47 1.735 5.15%
15 1 3.42 1.710 3.64%
20 1 3.4 1.700 3.03%
30 1 3.385 1.693 2.58%
50 1 3.375 1.688 2.27%
75 1 3.37 1.685 2.12%
100 1 3.37 1.685 2.12%
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Figure2.6. The Spectra of reflectanogereobtained from a modified closdzbundary Fabry
Perot (FP) model with varying top Au thickness. The incident wavelengths considered were (a)
3.0- 5.0 pm and (b) 3.36 3.39 pm.
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Figure2.7. Reflectance colormap of changed top Au thickness closed boundary FP model.

This FEA model has an intrinsic error attributed to the loss by therbBu layer on top of
the cavity. To evaluate this error, a model was computed with the known inputili(Rthe
pure polymer cavity, and the FE#erived Rl (R#ea) was compared witthe trueRIin. The FEA

simulations were performed with the polymer cavity thickness (1, 1.15, 3 yn) and various values
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of input RIs ranging from 1.5 to 2 with a step of 0.05. The average percentgers (given by
YO YOjYOD mir)were 2.2%6 (orderm= 1; standard deviatiain= 0.04%) and 2.58%
(orderm=5;0=0.12%), 1.99% (orderm= 1; (i = 0.04%), and 0.78% (orderm = 3; (i = 0.04%)

for the cavity thicknesses of 1, 1.15, 3 un, respectivElgyre2.8). In our further study, the Ria
obtained from the P simulation andequation (2-18) were adjusted by using the average
percentage errors depending on the thickness of the cavity and the orderreéénance. The

error-corrected RI (R) is defined as

2
2) 2 AOACRCHMAAROALAO 2-21
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2.2.3 Material and fabrication

Minimizing the nanoparticle scattering loss is desirabladturately detect the change in
the effective RI Sincethe Rayleigh scattering is negligible when the nanoparticle diameter is
smaller tharet10 [95], the composite materials in this study are composed of nanoparticles with
107 15 nm size and characterized inthe MWIR regieeed15 e m) . The nanocompo:
were fabricated with an organically modified chalcogenide (ORMOCHALC) polymer (poly(S
DIB) due to its low absorptioless in the MWIR. The poly(&-DIB) (S 35wt%, 1,3DIB 65wt%)
was synthesized by the inverse vulcanization me{ifll1,27,33,35,36,55,97TThe inverse
vulcanization method was used to synthesize pelyif#B) (S 35 wt%, 1,3DIB 65 wt%) as
described iH27,33,36,55,97] The elemental sulfur powder (Athemie Ltd) was melted in an
oil-bath at 13%C. After the sulfur powder meaito a viscous red liquid, which signifies the opening
of S ring structurg55], the crosslinking agent 1@isopropenylbenze (DIB, TCI America) was
added to the molten sulfur. Then, the mixture was homogeneously mixed by a magnetic stir bar at
135°C for 10 min. Subsequently, the solution was moved to a vacuum oven to complete the
polymerization reaction at 200 for 3 h. Finally, the fully reacted solutieavasair-cooled, and
darkred poly(Sr-DIB) ORMOCHALC polymer was obtained.

Si and ZnS were chosen for the embedded nanoparticles due to the high transmittance and
low loss in the MWIR[10,11,98,99] The nanoparticles are functionalized with the oleic acid
capping agent fortabledispersion in the poly(&DIB) matrix [35,100,101] Note that we used
the commercial Si nanoparticles in a diameter of 15 nm (US Research Materials ad&A&)e
synthesized ZnS nanopatrticles in an average diameter of 10 nm by the mbtvad in
[35,102,103] First, mix 180 mg ZnG) 15 mL oleylamine (OAm), and 15 mL trioctylphosphine

(TOP) into a 100 mL flask. The solution was degassedvacuum at 108 for 1 h, then heated
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to 320C. Next, 4 mL of the fresh anhydrous (N6 OAm solution was injected into the flask.
The temperature was maintained at®8@fbr 3 min, and the solution was quickly cooled down by
blowing compressed air. Isopropanol (IPA) was added to the solution, and centrifugation was
performedat 6000 rpm for 5 min. For further purification, two cycles of centrifugation were
repeatedn hexane and IPA. The purified ZnS nanopatrticles were dispersed in toluene (10 mg/mL).
10 mL of oleic acid (OA) was added to bl pristine ZnS toluene solution (10 mg/mL) in a
capped vial. The solution was heated to°60with gentle stirring for 2 h. IPA was added, and
centrifugation was done at 6000 rpm for 5 min. Two cycles of centrifugation were done in hexane
and IPA.

The nanocomposite synthesis procedure is shoWwigire2.9. First, the solid poly(8-DIB)
was ground into powder and dissolved in-diéhlorobenzene (1;RCB) solvent in a vial. The
mixture was stirred by a magnetic gtar for 4 h at 120C in an oil bath taaompletelydissolve
the poly(Sr-DIB) in 1,2DCB. Then, the aicooled solution was filtered by a
polytetrafluoroethyleneRTFE) filter with 0.2 um pore size. The Si and ZnS nanopatrticles were
dispersed in 1;DCB in a separate vial by an ultrasonication probe (1000 W) for 12 h. Finally, the
nanoparticle solution (Si or ZnS) was added to the pealyp#B) solution, followed by the
sonication for an additional 2 h. The nanocomposite solution (the mixture of the nanoparticle
solution andthe poly(Sr-DIB) solution) was spiftoated on a Si wafer and cured in a vacuum
oven at 808C for 2 h. The nanoparticle volume fractions in the composites were 4.6, 7.0, and 10.0

vol% for Si, and 1.0, 3.0, and 4.1 vol% for ZnS.
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Figure2.9. The fabrication procedure of Si/poly(SDIB) polymeric nanocomposite

2.2.4 Characterization Methods
2.2.4.1Refractive index measurementdiypsometer

The complex refractive indices of the nanocomposites coatedsingte side polished
(SSP)Si wafers were characterized using the infraradable angle spectroscopic ellipsometer
(IR-VASE, Mark II, J. A. Woollam Co., shown ifigure 2.10). The overall characterizing
procedure Figure2.11) includescomplex ellipsometric ratio measuring (by ellipsometer device),
sample layout modeling (in software), parameters fitting (in software), and result output (in

software).
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Figure2.11. The ellipsometry refractive index measurement procedure.
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ThelR-VASE hasthe capabiity of measuring the complex ellipsometric ratio (r/ rs) as
a function of wavelengti&and incident angles whererp andrsare the complex Fresnel reflection
coefficients foip-(parallel to the plane of incidence) atperpendicular to the plane of incidence)
polarized light, respectivelj104]. The complex ellipsometric rati® can be also described in
terms of the ell ampomeltowec parameters (
" OAlQ 2-22
wh e r e)idtkemagqitude of the reflection ratio fergmd spolarized light, andp thes
phase difference betwedine reflectedo- ands-polarized light [60].The instrument parameters

settingis shown inTable2.4.

Known input Measure output
polarization polarization
E

p-plane .,

p-plane |47

....
----

Nanoparticles

Polymer
Native SiO, SSP Silicon Wafer

Figure2.12. The sclemdic of reflection measurement by -NRASE.

The mathematical fitting software (WVASE32) was used to calculateJtlaad op of
multiple-layer samples consisting tfe composite film layer, native Si@1.59nm thickness),
and tmm thick Si substratefThe GenOsc formalism was selected as the dispersion equation of

the fitting The GenOsc formalism utilized oscillator equations considering KraKrersg
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consistentwhich is different from the Cauchy model usually used in transparent samples whose
oscillator equation is not Kramekgonig consisten{104i 106]. The nanocomposite layer was

modeled as a general oscillating layer vétrestimated complex refractive index ( ‘. The

bestfitting complex refractive indext( "CJQ, which minimizes the mean square errors (MSE)
between the calculateahd the measured and wasobtainedthrough the iterative nelinear
regression method. The measurement was conduc
em using a DTGS detect 960, dnd68. t he i ncident ang

Table2.4. Instrument parameters setting ofMASE testing

Parameters Value
Spectral resolution 16 Cm'l
Spectra/revolution 15

Scans/spectrum 30

Bandwidth 0.02

Minimum intensity ratio 5
Measurement cycle 1
Sample type Isotropic
Input Polarizer Zone average

Rotating compensator analyz Zone average

2.2.4.2Scanning electron microscopy
The nanopartites distribution was observed by scanning electron microscopy (SEM, FEI Verios
460L). The SEM beam conditions were 10kV,-0.8 nA, OV biasand TLD detector with SE

mode.
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2.3  Results and Discussion

2.3.1 Model validation

The approach using the FH#fased FP interference model was validated by reproducing the
experimentally measured RIs of nanocomposites reported in literature, includingsBANDA
[107], TiO/PMMA [108], ZnO/PMMA [109], N.Os/CyclomerP ACA250 (Daicel Chemical,
Japan]110], and SiQ/CyclomerP ACA250[110]. The predicted RI values by the FEbased F

P interference model were also compared to the traditional EMA models, such as MGT, L
Parallel, and Drude models. The input parameters of the FEA models, including the Rls of matrix
and patrticle, the size tfieparticle, and volume fraction, were taken from the litergtlO@& 110],
shown inTable2.5. The particles are assumed ® dispersed by an equal distance in the matrix
polymer in the 20FEA model Since the prism coupling method was used in the refer§h@és
110]to measure the RI at the wavelength of 633 nm, the thickness of the nanocompodiia layer
the FEA model was set as 1 pm to obtain the resonance dis/atength~633 nm. The effective
RlIs of the nanocomposites are calculated by u&ggation(2-18) based on the resonance
wavelengthem, the nanocomposite layer thicknésand the fringe order numbex The resonance
wavelengths in the reflection spectra of the nanocomposites are fokigaire2.13. The average
percentage error of 2.3®, corresponihg to an error of the -lm cavity model at the B order
resonance, was used to correct the Kepived RI, i.e., the erraegorrected RI as shown in
Equation (2-21). Figure 2.14 and Table 2.5 for the nanocomposites we considered (i.e.,
BaTiOs/PMMA, TiO2/PMMA, ZnO/PMMA, NOs/CyclomerP ACA250, and SigiCyclomerP
ACA250) illustrate the comparison between the correBsd(RL) and the measurement data
reported in the references [64]. The trend of Rlagrees well with the measurement data. The

maximumdiscrepancyor BaTiOs (excluding the outliers at 36 and 52 96), TiO2, ZnO, NbOs,
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and SiQ nanocomposites wefie05%, 0.16%, 1.02%, 0.48%, and 0.22%, respectively Table
2.5), which is probably due to the nomiform dispersion and size distribution of the nanopatrticles

that will be discussed in the following.

Table2.5. Sunmary of the measured RIs in the referer(@dss), FEA-derived RIs (Riea),
error-corrected RIs (R}, and the errors betweencRihd Rles for the nanocomposites consisting
of BaTiG/PMMA, TiO2/PMMA, ZnO/PMMA, NxOs/CyclomerP ACA250, and

SiO,/CyclomerP ACA250.

Material Particle fv Rlrea Rlc Rl ret Error
8% 1.588 1.548 1550  0.16%
13% 1.625 1.584 1.580  0.26%

BaTiOs (n= 2.4,d = 21 nm) / PMMA @ . .
= 1.49)[107] 23% 1.700 1.657 1.640  1.05%
36 % 1.795 1.750 1.710  2.33%
52 % 1.941 1.892 1.820 3.97%
0.6% 1.526 1.488 1.490  0.16%

TiO2(n = 2.76,d = 19 nm) / PMMA 1 = . .
1.49)[108] 1.4% 1.533 1.495 1.496  0.09%
3% 1.545 1.506 1.507  0.06%
1.3% 1.531 1.492 1.492  0.02%
Zn0 (1= 2.02,d = 10 nm) / PMMA (1= 2.4% 1.536 1.497 1.496  0.06%
1.49)[109] 4.7% 1.547 1.508 1.504  0.30%
7.8% 1.562 1.522 1507  1.02%
Nb:Os (n = 2.32,d = 15 nm) /CyclomeP 7% 1.595 1.555 1.550  0.32%
(n=1.51)[110] 18.5% 1.675 1.633 1.625  0.48%
4% 1.545 1.506 1.505  0.08%
SiO» (n = 1.46,d = 15 nm) /CyclomeP 14% 1.540 1.502 1.504  0.16%
(n=1.51)[110] 28% 1.531 1.492 1.489  0.22%
48% 1.519 1.481 1.480  0.05%
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Figure2.13. Reflectance spectra of comparison of the Hi&&ed RI prediction by the COMSOL
model for FP interferometry with the reference data (a) BalR®MMA. (c) TiO2/ PMMA. (d)
ZnO/PMMA composite. (b) Ni®Ds/CyclomerP. (e) SiGQ/CyclomerP.

30



a2 biss C154
A 4 A
x 2.0 * » 1.53
[} o 1.52 o
o o o s
© gl - ® 1.51 L o A
g N 2 . SEE ¥
Q Q - Q
a 1.71 < @ 1.50 = © A"
= A = ®, - = 1.504 &
D - 1 W I ’
x 18] &l €4 227 ¥ 49 A
o 4 . - ' )
1.5-|, - BaTiO; / PMMA r = TiO, / PMMA ] 4&” ZnO /| PMMA
0 10 20 30 40 50 60 0 1 2 3 ‘ 4 6 8
Particle volume fraction (%) Particle volume fraction (%) Particle volume fraction (%)
d €152
1701 a ]
S 51.51.":; -8 FEA
2165 3| E Y. . & MGT
o -5 ~ A
21604 -z .g 1.50 = Drude
51 - = 5, v L-L
Q A - Q ~ 7
g . & - Parallel
% 1.55 - %5 1.494 ~ Reference
14 . - 4 \ ~ ¥
1-501 Nb,O; / Cyclomer-P 1 48] Si0O,/ Cyclomer-P g
0 5 10 15 20 0 10 20 30 40 50
Particle volume fraction (%) Particle volume fraction (%)

Figure2.14. Comparison of the FEMased prediction with the reference measurement data
[107i 110]and the traditional EMA models (MaxwéBarnett theory (MGT), Lorenkorentz
(L-L), Parallel, and Drude) of various nanocomposite systems consisting of (a)sBMINDA,
(b) TiO2/ PMMA, (c) ZnO / PMMA, (d) NBOs/CyclomerP, and (e) SigJCyclomerP.

2.3.2 Composite characterization and property prediction

Nanocomposites for MWIR optical devices are designed based on an ORMOCHALGS-poly

DIB) polymer The SEM images (top view) of the Si/poly(®IB) composites (Si volume

fraction: 4.6, 7.0, and 10 vol%) and the ZnS/poly{BIB) composites (ZnS volume fraction: 0.97,

3.02, 4.10 vol%) show uniform dispersion of particleg(re2.15 (af)). The complex refractive

index ¢ "CJQ was measured in the wavelengthrangeiéf2 € m by u\8ASHEBigutehe | R
2.16). Due to the low extinction coefficient of the nanocomposiies ~ 4 em, t he nan
thicknessi n t he FEA model was desi gnkrdsonance abe4 1. 15
em. The R-®IB)SI am @nSwydedin the FEA simulation are fixed at 1.67, 3.4, and

2. 3, respectivel vy, a ¢ d1®,41d]i Thegcorresponding-€ reflectiéhl dat a
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spectra are shown Figure2.17. The average error of 1.98, which corresponds to tlegror of

the 1.15pm cavity model at the Storder FP resonance, was used to correct the f6EAved RI
usingEquation(2-21). The RE matches well with the F/ASE measurements as summarized in
Table 2.6 and shows comparable or better accuracy thentraditional EMA modelgFigure
2.15(g-h)). Thediscrepancy between the predictions and the measurement of ZnS/ip&liBH

is mainly caused by the uncertainties in the composite fabrication, including aggregation-and non
uniform morphology of nanoparticles. Compared with the same or higher volume fraction SEM
images of Si/poly(8-DIB), the ZnS/poly(S-DIB) images showed a denser population of
nanoparticles at the top surface of the sample, which indicated that ZnS nanoparticles aggregated
on the top surface of the film (further investigation about the uneven distributicghasasin the

section 3.3.2). Note nanopartisle FEAmModels are evenly distributed with uniform morphology,

and the traditional EMA models are only associated with the properties of constituent materials
(real and imaginary parts dhe refractive index of nanoparticle and matrix) and the volume
fraction. In the following section, we test the hypothesis that the fabrication uncertainties give rise

to the deviation between predicted and measuteériabled using the FEBased method.

Table2.6. ORMOCHALC nanocompositesith theellipsometrymeasured Rl (RM), FEA-
derived RI (R#en), errorcorrected RI (R), and the error between f&ind REw.

Particle Particle fv Rlem Rlrea Rlc Error
4.66% 1.722 1.754 1.720 0.14%

Si 7.24% 1.751 1.783 1.748 0.17%
10.19% 1.778 1.817 1.782 0.21%

0.97% 1.679 1.708 1.675 0.25%

ZnS 3.02% 1.701 1.720 1.686 0.91%
4.10% 1.712 1.724 1.691 1.27%
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Figure2.15. The surface SEM images (top view) of ORMOCHAh&nocomposites samples.
(a-c) Si/poly(Sr-DIB) with 4.6, 7, and 10 véb nanoparticles. (d) ZnS/poly(Sr-DIB) with
0.97, 3.02, and 4.10 vol% nanoparticleshjdRl (labeled as FEA), RI calculated using the
traditional EMA models, and the {RASE measured Rl as a function of Si and ZnS particle

volume fractions.
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Figure2.16. ORMOCHALC nanocomposites #Rase measurement results. (a) Si/poli{S

DIB). (b) ZnS/poly(Sr-DIB).
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Figure2.17. ORMOCHALC nanocomposites Rl simulation reflectance spe@j&i/poly(Sr-
DIB). (b) ZnS/poly(Sr-DIB).

2.4  Effects of composite fabrication uncertainties

2.4.1 Theoretical demonstration ofcattering effecton the refractive index

v

Rl=n

Figure2.18. Infinitely wide pure material laminar scattering analysis.

The scattering phenomena for an infinitely wide laminar of pure transparent materials have

been discussed previoug¥12]. In Figure 2.18, a plane wave incident on an infinitely wide
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laminar of pure transparent material with a scattering coeffidlenThe thickness is small
compaedto the wavelengtl: The diminished light intensity traveled through the thicknéss
‘0 0OQ 2-23
Q0 | 'OQ Qo 2-24
wherelgis the incident light intensity. For calculation conveniefee, was estimated as 1 when

tis small. The total scattering loss intensiggind intensity scattered by a single atarare:

Q0 Q0| ‘0o 2-25

0|0 Q6| ® | 006 2-26

o = Lo Lo 2-27
U O V] U

whereM is the number of atoms per unit volume. The electric field amplitude scattered by a single

atomE;: can be defined as:

_ 2-28
U

0O ™ ©°
Due to the light is scattered by atoms which is smaller than nanoscale, the total scattered

amplitudeO for small thicknessis [112]:

O oob‘—'o o] 0O 2-29
The incident light is assusdl to bea unit wave amplitude. After the lightisseshe medium,

the light propagation can be represented®by Q (ks thedirection vector). For any poiiit
(shown inFigure 2.18), the total complex amplitude will be the original wa# plus a small

scattering contribution from all atoms in the lamirtaj).(Hence, the total complex amplitude can

be obtained by integrating:
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O O 0 0| U Q — 2-30

whereRis inserted due to inversguare lawand2” r @ the area integraBinceY 'Y i

in Figure2.18, there is a relation'Qi  "Y'Q"YThe integrating can be written as:

¢, o . e, G =
VQ I Qi C Q QY 67& Té) 2-31
So, we have:
(0] (0] Q o] 0-Q Q o] 0 "Q= Q Q p
2-32
Qo 0

p Qo | U will be recognized as the first two terms in the expansiofof I

0O O AgORAZ®R_©060 Ag®Y _o 0 2-33

Therefore, at poinP, the light phase is shifted by®o| 0 . Substituting the macroscope

observatior{112] with phase retardatiom,’ 7 € p 0, when light goes through a lamina with
thicknesg and RIn, we can establish a relationship between the scattering effect and macroscope

parameter RI.

2-34

U 2-35

Equatiors (2-23)-(2-35) are for pure material and analysis at the akewel. However,
when the object is particle/polymer composite, the total scattering loss intemsiyll be the
sum of the intensity scattered by nanopartigle Wrtlone, and the intensity scattered by matrix

atomsima= Whatlo, wherelhp andUua are the scattering coefficient of the nanoparticles and matrix
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polymer, ando andlone are the total incident light intensity for whole composite and the incident

light intensity for nanoparticles. TherefoEgquation(2-35) can be rewritten as:

© 0O O | 060 | oG | 60 | 00y 2-36
| 0, 2-37
C W “ Q0
" v o € 3 —— ¢ £ 2-38
o _ ¢ _

Here,Eo is the incident light amplitud&ne is the incident light amplitude of nanoparticles.

N is the nanoparticle concentratiaiie is the scattering crossection area (SCA) of cylinder
nanoparticlesy is the singleparticle volumedi s t he nanopar Listoelparticle di am
length. TM-wave was used in the simulatidmence the surface average electrical fieldtla x-
direction|Ex|avgin the particle was derived from simulation results as the incident light amplitude
of nanoparticleFone=|Exlavg=  Wd(PErticle areg / (Particle aresd) ).

Due to the nanopatrticles are in nanoscalestiatered amplitude of nanoparticEeéfor
small thickness$is [112]:

O Op | o 2-39
A similar analysis method was usedegiatiors (2-30)-(2-33). Then, for nanocomposite,

the total complex amplitude can be obtained by:

0O O O AZgQ@VAGED_|© O Q0 | o070
2-40
Agrixy _o 0 Oy | o7f0
Therefore, at point P, the light phase is shifted by 0 _Oyr i 070. For
nanocomposite, a relationship between the scattering effect and macrpacampeter Rl can be

established:
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2-41

As mentioned abovéheincrea® inlnpto totalscattering intensitis results in the increase

of the effective RI.

2.4.2 Nanoparticle sizeeffect

The effect of the size of nanoparticles on t he
model for the FP interference in the composite cavity with embedded nanoparticles with demeter

(d) of 24.8, 39.6, 50, 95.2, 128.4, 155.6, and 212 (Rigure 2.1%al-a8)) In addition, to

understand the clustering effect, a partidigster model was proposedkigure2.1%a9), where

39.6 nm particles constituted each partidigster and the total volume is equal to the model
consisting of solid 21-2m particles. The Rls dhe nanoparticle and polymer matrix were taken

as 3.0 and 1.5, respectively. The particles were assumed to be uniformly distributed, and the
content of particles was fixed at 19 vol %. Th
simulated reflectance sptra clearly show the-P resonance dips correspondingne 4, 3, and

2, as indicated inFigure 2.20(a-c). The average errors of 0.8, 0.78 %, and 0.77 %,
corresponding to the errortife3-e m c a v i t ;pn=4n3d, dnd 2, respéctively, were used for

the errorcorrection of FEAderived RIs. As the diameter thie particle increases from 24.8 nm to

212 nm, the Rlalso increases from 1.687 to 1.719< 2), from 1.687 to 1.719(= 3), andfrom
1.687t01.721f6= 4) , whi ch appear at ~5 ¢ migure2Bb)p e m, a
The particlecluster model RIs are 1.694, 1.696, and 1.7Qhkeatvavelengthsof 5 € m, ~3.5 ¢

and ~2.5 gm, respectivel y, \igure29(b)aTheRl ofhthe wn a's
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39.6nmparticleclustermodel (effective diameter = 212 nm) is significantly lower than the RI of
thesolid 212nm model (8) while being still higher than the waibpersed 39.6 nm model (3).

An increased scattering loss can explain the increase of RI with the particle size by particles
[112]. The relationship between the scattering effect and the macroscope RI of the nanocomposite,

n, can be described as:

e p — | 0 — 2-42

where_ is the light wavelength, and0 are the scattering coefficient aride atomic
concentration of the matrixrespectively,O is the scattering loss intensity due to the
nanoparticlesQOis the intensity of the incidence light, adés the thickness of the composite
cavity. The scattering loss intensity due to nanoparticles embedded in the composite cavity is:
© | 00j 0, 0 Oy 2-43
whereOy, is the electric field amplitude calculated by the surface average electric field in the
nanoparticles based on the FEA rediilts the particle concentratiop, is the scattering cross
section area, and is the scattering coefficient of nanoparticle$.note, the 2D nanoparticle in
the FEA is equivalent to the same diameter cylinder with the unit léndthe scattering cross

section area,( ) of cylinder nanopatrticles can be calculated by the followiggation113,114]

. (b “ ’Q 0
” LIJ__ é é - - é ‘8 2-44
o _ ¢ _
where¢ and¢ are the RIs of nanoparticles and polymer matrix, respectitas/the

particle diameter, and is thecylinderlength The R for composites with different nanoparticle
sizes are outlined imable2.7. As summarized ifTable2.7 andFigure2.20(c), we found that the
scattering loss intensit¢p and the effective RI increases simultaneously when the nanoparticle

size increasefEquation(2-42)-(2-44)). Forthe 39.6nmparticleclustermodel, thescattering loss
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intensity’O is comparable to theolid 212nm model if the cluster is assumed as a-2idPsolid
particle Table2.7), but the effective RI calculated by the FEA model is significantly lower than
the solid 212nm model. This phenomenon demonstrates that the particle cluster cannot provide
enough scattering intensity as solid particles, and the data pointKjuire2.20(c) should shift

to the left side near the trend line of solid models.

Table2.7. The effect of nanoparticle sizd) (on the Rl of compositedl is calculated using the
fixed volume fraction at 19 vol%&go ne(electric field amplitude in the particle)ye (scattering
crosssection area)\p (the scattering coefficient of nanoparticlds) (the scattering loss
intensity due to the nanoparticles), and. Rl

dinm)  N( e [Fapvem)  Oe/L2  Ge/L%(e ) l ! L2 (VFEm?) Rlc
24.8 19.67 1.234. 0 6.58x10° 1.29x10* 5.88x1.0° 1.687
39.6 12.33 9.744.0 4.28x10° 5.27x10% 1.50%10° 1.688
50 9.67 8.8241.072 1.09x1.0* 1.05x10° 2.45x10° 1.690
95.2 5.00 6.64x1.0 1.43x10° 7.14x10° 9.44x105 1.697
128.4 3.67 5.684.02 4.73x0° 1.73x102 1.68x10* 1.702
155.6 3.00 5.304.02 1.02x102 3.06x102 2.58x10* 1.707
212 2.00 4.964.02 3.51x102 7.03x102 5.18x10* 1.719
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Figure2.19. The FEA modekfor theF-P interference in the nanocomposite cavityi@sbased
on the size ofheembedded nanopatrticles. (a) Electric field amplitude irxdtieection Ex) at
the FP resonance order of B1& 3) for embedded particles wigtdiameter of (13 =0 (no
particle), (2)d = 24.8 nm, (3p = 39.6 nm, (4d =50 nm, (5d =95.2 nm, (6 = 128.4 nm, (7)
d=155.6 nm, (81 =212 nm, (9) 39.6nmarticlecluster, effective diameter = 212. (b) The
effective Rt as a function of FP resonance ordemj and the size of embedded nanoparticles in
the nanocomposite cavity. The 39.6particlecluster model result is shown as a pink dashed
line. (c) The effective Rlas a function of the scattering intensity due to the different
nanoparticle sizes embedded in the nanocomposite cavity.
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Figure2.20. The reflectance spectra vary based on the sizes of nanoparticles. Reflectance spectra
were obtained for a composite cavity containing embedded nanoparticles with diameters of 24.8,
39.6, 50, 95.2, 128.4, 155.6, and 212 nm at (a) the 4th ande#d], (b) the 3rd orden{= 3),
and (d) the 2nd ordem(= 2) of FP resonances.

2.4.3 Particle dispersioreffect

Various particle arrangements, e.g., (1) equal distance, (2) square, (3) random, (4)
aggregated, (5) tepkewed, (6)middle-skewed, (7) bottorskewed, and (8) tepottom, were
FEA-modeled to understand the effect of particle dispersion states on the effective RI of
nanocomposited=(gure2.21(a)). The diameter, RI, and volume fraction of the nanoparticles were
39.6 nm, 3, and 19 vol%, respectively. The Rthapolymer matrix was 3, and the thickness of
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the composite cavityd) was modeled to be 1 um. The reflectance spectra at ~3.4 pyn obtained
from the FEA are shown iRigure 2.22. The obtained RIc from FEA ariglquation(2-21) are
summarized inTable 2.8. To correct the intrinsic FEA error, the average error, 2&7
corresponding to the-fim cavity model atd = 1, was used ifEquation(2-21). In general, the
dispersion states with higher particle density within the-magion in ydirection, where the
electric field amplitude in xirection is the highest, tend to increase the RI (e.g., (53kewed,

(6) middleskewed, and (7) bottorskewal) than the states with lower particle density in the-mid
region, such as (8)F({gure2.21(a)). This tendency can be interpreted by the nanoparticle scattering
loss: fora given volume fraction and morphology of particles, the total scattering loss by the
nanoparticléO increases as more nanopatrticles are placed in a regestafng electric field
(Equation(2-43)), finally leading to the increase of REquation(2-42)), as shown irFigure
2.21(b). The scattering loss of nanoparticl®sj 0 was calculated by using the surfaneerage
electric field amplitudeOy in nanoparticle Table 2.8). The scattering coefficient of
nanoparticles j 0 was fixed at 5.27x18 ¢ 1. In contrast, when the particles are scarce in the
F-P resonance region, such as cases (4) and (8);(¢th and effective RI tend to decrease.
Moreover, to confirm this conclusion, a dielectric layer of finite thickness (enclosed by yellow
dashlines) with the same RI and volume fraction as the nanoparticles were placed at the top,
middle, and bottom ifrigure2.21(a97 all). The calculated Rls were 2.20, 1.819, and 1.77 for
the middle, bottom, and telpcated dielectric layers, respectively, which agrees with our
expectation that the embedded particles (or dielectric layers) located in the stronger electric field

region is more efficient to increase the composite RI.
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Figure2.22. Simulation results of nanoparticle dispersion effect strodder FP resonance
spectra: (a) Wavelength 3.5.0 pm. (b) Wavelength 3.2 3.7 pm

Table?2.8. Effect of dispersion state of nanopatrticles in the composite cavity on the effective RI:
Eonrin thex-direction, scattering loss intensityr, and Rd.

Dispersion states £ p(Viem) Ine/ L2(V¥em?) Rlc

EqualDistance 2.83<107? 4.93x10°C 1.682
Square 2.831072 4.9340° 1.677
Random 2.954102 5.34x10°C 1.687
Aggregation 2.60<102 4.1540° 1.643
Top-Skewed 3.1040° 5.9040° 1.721
Middle-Skewed 3.4240 7.21x10° 1.745
Bottom-Skewed 3.24x10°2 6.47<10° 1.721
Top-Bottom 2.544072 3.9710° 1.638
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2.4.4 Shape and orientation effect

The particle shape and orientation effect on the composite Rl was studied with the following
particle shapes: circle, square, and rectangular (Rec) with aspect ratios (AR) 1:2, 1:3, and 1:5. The
square elements have two rotation conditions (refethéoy-axis): 0°and 45 Rectangular
elements have three rotation conditions: 07 457 and 907 as showfigure2.23. The patrticle
volume fraction (196), material properties (polymer Rl = 1.5, particle RI = 3), and the number of
particles were kept consistent for all the modals (£ 2 . £813. The circle particle diameter was
39.6 nm. The P reflection spectra for the composites with those nanoparticles are shown in
Figure2.24. The FEA error of 0.786, which corresponds to the error of then3 cavity model at
a = 3, was used for the erroprrection, and the resultant eraorrected Rls (R) are tabulated
in Table 2.81t was be found that the elongated particles inxtkd@ection (90°rotation) yield a
higher RI, such as Rec AR 1:5 particle with 90°rotation had the largest RI.

The scattering loss by nanoparticles was also used to analyze the relationship between RI
increase and different particlesd shape and
compared to the wavel engt h of atteringcciostsectionaréai g ht
and coefficients are i ndependES5.fThiscdnclusibnecanp ar t i
also be verified by fafield scattering simulation resultBigure2.25). Thus, the scattering cress
section area of particlgs with different shape and orientation could be assumed the same as
circular particle withd = 39.6 nm, and the scattering coefficient of nanoparticles, 0 was
fixed at5 . 2 7*kerir®However, according tBquation(2-43), the scattering intensity 1043
also relies on the incident electric field amplitué®s . The incident electric field amplitudes
O could be enhanced due to different shapes and orientations particles in the nanocomposite

can affect each other and attribute to the different electric field resonance ffigjtsThe

47



scattering intensity loss by nanopartict®,j 0 was calculatedy using the surfacaverage
electric fieldamplitudeO in nanoparticlegTable 2.8. As the particle elongated ihe x-
direction (light electric field oscillating direction), bo@; and"O j 0 increase, finally leading
to the increase of RFgure2.23(b)).
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Figure2.23. Particle shape and orientation effect. (a) Electric field magdinection(Ex) at the

F-P resonancen{= 3) for different elements: (1) Circle, (2) Square, (3) Squatg4)ERec 1:2,

(5) Rec 1:2 4% (6) Rec 1:2 99(7) Rec 1:3, (8) Rec 1:3 439) Rec 1:3 99 (10) Rec 1:5, (11)

Rec 1:5 45 and (12) Rec 1:5 90(b) The effective Rlas a function of the scattering loss
intensity due to different nanoparticle shepad orientatioa
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Figure2.24. Simulation results of shape effect dh@der FP resonance.

Table2.9. Particle shape and orientation effect on the RI of comp@&siteand Ri.

Model Ewa (Viem) |/ L2(VZem?®)  RI,

Circle 0.097 1.50040° 1.688
Square 0.101 1.61340° 1.699
Square 45° 0.102 1.64540° 1.705
Rec 1:2 0.086 1.16440° 1.664
Rec 1:245° 0.107 1.81040° 1.706
Rec 1:2 90° 0.123 2.3940° 1.744
Rec 1:3 0.081 1.03210° 1.655
Rec 1:3 45° 0.109 1.87840° 1.723
Rec 1:3 90° 0.140 3.099%10° 1.795
Rec 1:5 0.077 9.47<10° 1.647
Rec 1:5 45° 0.116 2.127%0° 1.736

Rec 1:5 90° 0.169 4.51540°%° 1.886
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Figure2.25. Scattering fafield maps of different shape and orientation particles for 3.4 pm TM
incident light: (a) Circle, (b) Square) Rec 1:2, (d) Rec 1:3g) Rec 1:5.

ntensity can

It is concluded from all particle size, arrangement, and shape effect analyses that the
i ndi cat

nanoparticle scattering i
higher scattering loss from nanoparticles causes higher effective RI.
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2.5  Other measurementinspired models
2.5.1 The unitmodel for CNF patrticle orientation conditions.

To replicate the random distribution condition of carbon nanofibers (CNF), the average value
from four particle orientation outcomes was employiéte four particle orientation angles were

Oe, 45e¢, Otiepaxia RigurelZ®)5e t o

Figure2.26. Unit CNF/PDMS simulation model with differefiber angles for composite
properties estimatiorga) @, (b) 4%, (c) 90, (d) 135 to z-axis.

2.5.2 Boundary conditiondor effective properties simulatiowith the unit models.
The unit models for composite effective properties estimatiershown inFigure2.27. All the

boundary condition setting descriptiam$er to the surface name rulesHigure2.27.

Cut-plane

Figure2.27. The unitmodelsfor composite effective properties estimati(a). Spherical particle
and (b) cylindricafiber-embedded composite materials. (c)-@lane for heat fluxalculation.
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2.5.2.1 Mechanical properties estimation model.

For mechanics properties estimation, the boundary condifiaggre2.27) were set as follows:
Surface ADHE: Prescribed Displacement, prescribed in-thieextion, ©yx=0.

Surface ABCD: Prescribed Displacement, prescribed in-ttieegtion, 4y=0.

Surface ABFE: Prescribed Displacement, prescribed in-theeztion, ©6,=0.

Surface CDHG: Boundary lodglin the zdirection.

Other surfaces: free.

For the mechanical properties, the volume average strains, and- are estimated in the

FEA (Solid Mechanics modules) by applying axial fdrda thez-direction. The Young's modulus

E and Poisson's ratiocan be calculated by the equations:

O = 2-45

! - - 2-46

whereSis the crossection area normal te.

Surface: von Mises stress (N/m?)
x10°

24
2.2

1:8
1.6
14
1.2

0.8
0.6

Figure2.28. The mechanical properties simulation. Unit model for stress and deformation (scale
10) map. The tension load is 100 kM/rthe model pitch length is 72 nm, the particle diameter is
40 nm, and the volume fraction is 9 vol%.

2.5.2.2Thermal conductivity estimation model.

For the thermal conductivitl, the boundary condition&igure2.27) were set as follos
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Surface CDHG: praset Temperature as 600 K

Surface ABFE: preset Temperature as 300 K

Other surfaces: periodical.

Cut plane: Calculate the surface average heat flux in-theeetion,A  (Figure2.27(c)).

Surface: Temperature (K)

600
550
500
450
400

350

300

Figure2.29. The thermal conductivity simulation. Unit model for temperature map. The model
pitch length is 72 nm, the partiadgameter is 40 nm, and the volume fraction is 9 vol%
For thecalculation of thehermal conductivityK, the COMSOLHeat Transfer module was
employed. The bottom and top surfaces were set to constant tempeeatdithe surface average
heat flux in thez-direction! was measured on the horizontal plamey (plane) when the

temperature was stab(€igure 2.27(c)). Periodic boundary conditions were used for the four

vertical surfacesThefollowing equation can calculate the thermal conductikity

L — 2-47

2.5.2.3Thermal expansion estimation model.

For thermal expansion coefficignt the boundary condition&igure2.27) were set as follows:
Heat Transfer boundary conditions:

Surface CDHGpre-set Temperature as 600 K

Other surfaces: Thermal isolated
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Solid Mechanics boundary conditions:

Surface ADHE: Prescribed Displacement, prescribed in-thieection, 4x=0.
Surface ABCD: Prescribed Displacement, prescribed ig-thisection, @y=0.
Surface ABFE: Prescribed Displacement, prescribed izthection, ©~=0.
Other surfaces: free.

Surface: Temperature (K)

[\\

| \\\
[

\

|

\'////
| _) 600

b4

y\I/'x

Figure2.30. The thermal expansion simulation. Unit model for temperature and deformation
(scale 1) map. The model pitch length is 72 nm, the particle diameter is 40 nm, and the volume
fraction is 9 vol%.

For the thermal expansion coefficient, COMSOL Heat Transfer and Solid Mechanics
modules were coupled to simulate the mechanical strain response to the temperature change. The
initial temperature was set to the ambient temperature (293 K). The top suafasetvas the heat
source with a constant temperature (600 K). The stationary simulation was used to observe the
responses at stable conditions. The thermal expansiediiactionf can be calculated by the
equation:

- TwYQ afuig 2-48

2.5.2.4Light absorption estimation model.

For the absorption coefficient the boundary conditiong{gure2.27) were set as follows:
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Surface CDHG:Port 1, light incident port, M- and TEwave are used separatelylhe field
amplitude is 1 V/m.

Surface ABFE: Port 2, light output port.

Other surfaces: periodical.

For the absorption coefficient, the incident light enters through the top surface, and the
transmitted light was measured at the bottéigyre2.27). The vertical boundaries were set as
periodical condittns The absorptancé and the reflectanc® were estimated at 532 nm by
COMSOL Wave Optics. The absorption coefficiertan be calculated by the equation:

8

Q 2-49
v T

aep

2.6 Summary

In this paper, we studied the FEbased RI prediction method for nanocomposite. The method
was validated by comparing the reference data and the fabricated ORMOCHALC composites for
MWIR optics. The comparison with the reference data obtained by physiaalireenent of the
samples[107i 110] showed that the average error of the Ras 0.49%. The causes of the
discrepancy between the measurement and the thessd Rl was investigated by varying the
particle morphology and dispersion states with the base model composed of the matrix with RI of
1.5 and the nanoparticles with RI of 3 in 19%0MWhen particle size increases from 24.8 nm to

212 nm, the effective Rl of nanocomposite also increases from 1.687 to 1.719 due to the scattering
loss. The relationship between the scattering loss andffactive Rl of nanocomposite was also
applied to explain the effect of the particle dispersion state and the particle shape and orientation.
The particles arranged in a higher electric field area lead to a higher effective RIl. The middle

skewed dispersi (particles aggregated at the highiétd area) and tojpottom dispersion models
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(particles aggregated at the lowfiEld area) had the highest and lowest Rl as 1.745 and 1.638,
respectively, for the study model composite. panticles of different shapes and orientations, the
nanocomposite showed higher effective Rl when particle elongatioaloms with electric field
oscillatongdi recti on) . When the particleds shape an
along thex-direction) and AR 1:5 elements (shortest side along-theection), the nanocomposite

had the largest Rind smallest Rl as 1.886 and 1.647, respectively. It was proved that the scattering

loss intensity has a proportional relation with the nanocomposite RI.

Based on this study, future work will entail the quantitative analysis of the nanoparticle
morphology effect on the effective RI value of the nanocomposites. Future research also includes
optimizing the optical and mechanical properties of polymer composites composed of uncertain
shape and size particlesl o ser t o t h e, acdonmeddkisds of padticles compositest y

system properties characteristic which can be apmietllti-functional composite materials.
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CHAPTER 3. DESIGN OF LASER ULTRASOUND TRANSDUCERS
3.1  Introduction

High amplitude and broadband acoustic pulsesgareerallypreferredfor higher spatial
resolution in ultrasound imaging and theragy 17 124]. However, developing ultrasound
transducers with high intensity and broad bandwidth has@ekeallengeFor example, the typical
hightintensity focused ultrasound (HIFU) piebased transducers usually have a high operation
voltage requirement > 100[\t25], and some histotripsy HIFU need a higher voltage > 4QaV
24] to obtain the required negative pressure. For most fli@ged imaging transducers, t6elB
fractional bandwidth is below 8%, which cannotmeet advanced imaging such as harmonic
imaging and superharmonic imagifi@6i 129].

In contrast, the laser ultrasound transducer (LUT) is an alternative emerging technology due
to its high power density, high frequency, broad bandwidth, and wireless device opg¥ation
8,12 16]. The LUT utilizes the photoacoustic (PA) effect that converts absorbed photon energy to
acoustic waves. Since the LUT uses a shalse laser with higldensity energy in a short duration
(3-10 ns), the acoustic waves are usually charactebydugh frequency (1910 MHz) and
nanoseconds of pulse widtt2,125,130,131]

Recently, laser ultrasound transducers (LUT) have been developed and employed in many
applications, including high axial resolution imaging, medical lithotripsy, plaque disruption, high
precision operation ablating malign tumors due to their merits sublglapower density, high
frequency, broad bandwidth, and wireless device operation comparing with traditional
piezoelectrical ultrasound transducp¥s6,12 16,49] LUTs utilize a multiphysics photoacoustic
effect to transform the photon energy into acoustic energy, which includes laser absorption, heat

transfer, thermal expansion, and structure aco(®%iel4] The laser absorption layer of LUT

57



experienced a significant rise in temperature because of absorbing a pulsed laser of nanoseconds
duration. Then, the absorption layer will generate thermal expansion and corresponding acoustics
signal s. I n this process, | etpansion adeficemt prdibdkn | avy
modulus result in higher acoustic presqd#132]

Currently, polydimethylsiloxane (PDMS) stands as the prevailing choice for the matrix
material in the laser absorption composites, in conjunction with embeddeebbgirbing
particles, such as carbon nanotubes (CNT) and gold (Au), when constructing .aThldT
preference arises from PDMS6s high v&Cume ¢t
[12,132] To understand the effects of the material parameters on the LUT output, it is necessary
to develop a method to predict the responses with higher accuracy and reliability. However, the
relationship between the composite material design parameters and bieh&Aors is not fully
understood. Therefore, the design capability of the LUT devices is also limited due to the lack of
knowledge predicting the multiphysics behavior of PA nanocomposites, including optical, thermal,
mechanical, and acoustic respong&eviously, Huang et al. (2016) predicted the positive pressure
output by a theoretical analysis within a 3 % error. However, the method shiovitations in
predictingaccurate waveform and negative pressure o{dglitMore recently, Kwon et al. (2020)
simulated the performance of carbon nanotobated polyethylene microspheres by the finite
element analysis (FEA) metho8till there was a significant discrepancy in the predicted positive
pressure (1 MPa) with the experimental measurementl(@ Pa)[46].

Regarding the PDMS LUT acoustic output frequency, it has been widely believed that the
laser pulse duration is a primary factb83]. For example, as arts duration laser was employed,
the theoretically calculated maximum frequency is around 200 MHz. However, in the practical

PDMS LUT test, the acoustic frequency was much lower than the theoretical expectation, such as
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the acoustic frequency range from 5 MHz 15 MHz by using a 51 8 ns laser
[12,44,49,131,134,135] I n t hi s s i telatiet frequency ratioh lew. Aldd, Tades
devices with short durations will be much more expensive than those with broader dundtions
boosts the price of the highequency LUT. Hence, developing the neeneration material for
high relative frequency ratio, harsh environments, and potential outdoor applications is essential.
Unfortunately t here i s no systematic theory or anal
frequency domain, and the method to increase the relative frequency ratio is unclear
[37,44,125,132] Moreover, because the thermal expansion induced by laser absorption is much
quicker than the subsequent shrinkage during cooling, the LUT has intrinsically higher positive
pressure than negative pressure generated in one dirgg7id25,130] This intrinsic drawback
of I ow negative pressutwhilcihmirteeldi etsh eo nL WtThoes tarpe
pressure.

Development of higltemperature operating ultrasound transducers 0B in high
demand, especially in the automotive, aerospace, and energy industries, which perform in harsh
environmentg136]. The LUT should demonstrate excellent suitability for harsh and hazardous
environments, such as the ndestructive testing (NDT) of critical components, equipment, and
materials within the nuclear power industry. Theerits of wireless, remoteperating, and
flexibility can signi ficantly increase the t[3a2dsducer
However, the PDMS LUT has low thermal stability (decomposed af@P[L37], which limits
its compatibility with highetemperature environments.

In this study, the FEA simulations for the PA nanocomposite behavior and the LUT device
response, which are modeled in nanoscale and microscale, respectively, were used to predict

ultrasound generation. Firstly, the effective properties of the nanocoegasiich as the laser
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absorptivity, thermal expansion coefficient, Young's modulus, Poisson's ratio, and thermal
conductivity, were estimated by the FEA using the unit cell model containing a single nanoparticle.
Secondly, the LUTconsistingof the laser window, nanocompositand elastomer was modeled

for the FEA prediction of the PA wave generation. Lastly tieeretical equations calculated the

wave propagation and natural focusing in the water mé&tia integrated approach was validated

by comparing the simulations withe experimental measurements. Thmputational parametric

study investigated the relationship between the LUT output characteristics and the composite
material parameters, including the particle size and volume fra@ased on the DoE analysis,

the statistical relationship between the mat
modul us, Poi ssonbds ratio, t her mal expansi on
density, absorption coefficient, absaopt layer thickness, and subs&ahickness) with the final

acoustic outputs (peak negative pressure, peak positive pressure, center fregbBcy,
bandwi dth) was established. The statistical e
layer thickness, and absorption coefficientstngignificantly correlate with the center frequency
and-6dB bandwidth. The statistical analysis also shows that the LUT generates an integrated
waveform with considerable negative pressure with talsldis ubst r at e t hi ckness
modulus, where th negative pressure waveform is generated due to the phase change when the
backward wave is reflected from the substatanterface. Based on these statistical results, the
polyimide (Pyr omel IDin-ethyt4 d-di@nmnbbgrdeneé (BND-DMDR)) 2, 2 6
was proposed as the candidate of the composite matrix for the next generation LUT devices with
high frequency and thermal stability (> 4%0). The simulation and the physical experiments
showed that the polyimidieased transducer could achieveigher central frequency, a broader

6 dB bandwidth, and a higher negative pressure than the HiaBE LUTs with the same
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structure design. The TGA showed that the CNT/PMDMIDB nanocomposite started

decomposing at 48(C.

3.2  LUT FEA predicting model design
3.2.1 Prediction of effective properties of PA nanocomposites

The assumption that the composites' effective properties are the same as PDMS was one of
the causes of the inaccuracy in the theoretical modg#4,45] In this study, FEA simulation
(COMSOL Multiphysics 5.5) is used to understand the relationship between the composite design
parameters and the effective physical propefliegi8,138 142). The composite design variables
used in this study are the type and size of the capbsad nanomaterials. The physical properties
such as Young's modulug, Poisson's ratio , thermal expansion coefficieht, thermal
conductivity K, and absorption coefficient are derived from the FEA results. The model
employed the unit cell model to reduce the computational buFdguré2.26). The Gdimensional
(0-D) spherical particleRigure2.26(a)) was used to represent the carbon black (CB) or the candle
soot nanoparticle (CSNP), and thditnensional (1D) cylindrical particle Figure2.26(b-€)) was
for the carbon nanofiber (CNF). To implement the random orientation effect ofRheatticles
dispersed in the thin film or-y plane, the particles oriented in (100), (110), (010), ahO(
directions in thexyzcoordinates were modeled to calculate the averages of the effective properties.
The laser incidents along tkexis in the simulationg.he detailed effective properties simulation
method was described in Chap@b.

Lastly, the composite's effective mass densitand heat capacity were estimated by the

theoreticalequatiors [143]:
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whered HQha nd are the heat capacity, volume fraction, and density of the composite phases

i (1: particle, 2: matrix), respectively.

3.2.2 FEA model for LUT device

The thredayered LUT structure in a water medium was built in COMSOL Multiphysics
(Figure 3.1). Four physics solvers, including Radiation in Absorksegttering Mediarésm,
Heat Transfer in Solids{), Solid Mechanicsgplid, not including water), and Pressure Acoustic
(actd, only for water), were employed in the sequential energy conversions from light absorption
to acoustic wave. Three Multiphysics couplings were used to build the relation between different
physics solvers: Heat Transfer with Radiation in Absor8cgttenng Media built the Laser
thermal coupling betweerasmandht; Thermal Expansion built the therameechanics coupling
betweenht and solid; and AcoustieStructure Boundary builthe mechanicgcoustic coupling
betweersolid andactd

The boundary conditions for each model block are shovagure3.1. The width (vertical
length) of the model was set as 1 un. The thickness (horizontal length) of the substrate is 1 um to
decrease the computation loaith the assistancef the fix boundary condition. The water media
was set as 20 pm with a perfect match layer at the end of the model to nmimnidimited open
media. The compositeand protection layer thicknesses were adjustable depending on the
experimental setup. The mesh type was the free triangular, and the mesh size was controlled under

1/10incident laser wavelength (532 nm).
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LUT devise

e .

Substrate Carbon/PDMS PDMS II Water
composite layer  protection layer:

« Periodical
(All solvers)

« Periodical
(All solvers)

»Laser Incident - Fix (solid) « Structure-acoustic (ash) * Opaque surface (rasm)
= Open boundary (ht)

(rasm)
- Perfect match layer (actd)

» Open boundary

(ht)
- Free (solid)

Figure31.Schematic of the LUT device structure 1in

boundary conditions (red bold) are shown for the correspor@dgSOL solvers (blue italic)
(i.e.,rasm ht, solid, ash andactd).

3.2.3 Wave propagation in media

LUT surface

p——

R

Figure3.2. Wave propagation in the water medium.

The acoustic wave pressure detected at a disfamwethe LUT in the waterRigure 3.2)

can be analytically estimated as follojAd4]:
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wherep(r,t) is the acoustic pressure at a locatiama timet, ” is the density of propagation media
(i.e., water),c is the sound speed in the medijajs the acoustic pressure at the LUT surface
(waterside of PDMS protection layerderived from the FEA simulation, is the angular
frequency of the acoustic wave at the LUT surfddis, the wavenumben is the LUT surface
velocity (thermal expansion velocity), afdow o is the LUT surface velocity distribution
function. According to the Fresnel approximation for a relatively large wave source (aperture size
D >> acoustic wavelengthlgquation(3-3) can be simplified by:

Q% 2 Q

— —'Q 4 3-6
g 1§ «

The aperture sizB is equal to the effective diameter of the laser beam. The spatiotemporal
theoretical acoustic pressujerhd can be calculated by:

L Q. [ o~
n o CTnQ — 0 T Q' 37

3.2.4 Model validation

The hierarchical approach, including the effective property estimation, the LUT device
simulation, and the wave propagation model, was validated by comparing the reproduced results
with the experimental data in the literature, where the LUTs are compbsediaus carbon
particles, such as carbon soot nanoparticle (CSNP), carbon nanofiber (CNF), and carbon black

(CB), dispersed in PDM$12]. Material and experimental conditions, including the particle
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volume fraction, particle size, and incident laser wavelength, were set idgiitalthe literature

[12]. Firstly, the composites' effective properties (Young's modtl@®isson's ratid, absorption
coefficient , thermal expansion coefficient and thermal conductiviti{) were estimated by the

unit cell FEA. The mechanical, optical, and thermal responses of the unit cells are shiawiein

3.1- Table3.4. The estimated effective properties of composites are summarizadlaB.5 with

the properties of the bare PDMS, a glass substrate, and MdteriSecondly, the estimated
properties were used in the PA layer of the LUT device simulation. The input laser fluence was
3.58 mJ/cri, and the thickness of each device layer was modeled based on the information shown
in [12]. Detailed dimensional information of the device lay@esshown inTable3.6. The FEA

based acoustic pressure profiles at the LUT surface in the time and frequency domains are shown
in Figure3.3(ay(c)asc ompar ed with our previous theoretic

used in the literaturgl4].

Table3.1. Mechanical properties simulation estimation for three different LUT devices.

G g G FI/IS[N'm?3  E.[Pa] 3x 3y
9% CSNP/PDMS -0.510 -0.510 1.050 10 9.51x10° 0.490 0.490
1.77% CNF/PDMS -0.619 -0.619 1.264 108 7.91x10° 0.490 0.490

47% CB/PDMS  -0.226 -0.226 0.465 100 21.4%1C° 0.487 0.486

Table3.2. Thermal conductivity simulation estimation for three different LUT devices.
A Z[W/m2] d[nm] Twp[K] Toot[K] T K [W/(mMK)]
9% CSNP/PDMS 8.64x108 71.9 600 300 300 0.207
1.77 CNF/PDMS 3.36x108 144.5 600 300 300 0.162
47%CB/PDMS  4.49x107 5161 600 300 300 0.773

65



Table3.3. Thermal expansion coefficient simulation estimation for three different LUT devices.
To[K] Ti[K] oT G g, [ppm/K]
9%CSNP/PDMS 293 600 307 0.0508 316
1.77 CNF/PDMS 293 600 307 0.0927 302
47%CB/PDMS 293 600 307 0.0970 165

Table3.4. Light absorption coefficient (wavelength 532 nm) simulation estimation for three
different LUT devices.

d[nm] AbsorptanceA U[1/um]

71.9 0.09 131
144.5 0.066 0.47
5161 99.999 10

Table3.5. Material properties of the constituents and the estimated effective properties of
carbonembedded PDM8omposites (9 vol% CSNP, 1.77 vol% CNi¥Rd 47 vol% CB.)

Glass Water PDMS CB CNF | 9% CSNP 1.77 % CNF 47% CB
I [ppmK] B B 330 2 2 302 316 165
Cp[J/(kg*K)] | 1000 4200 1460 675 675 1390 1446 1088
" [kg/m® | 2200 1000 970 1630 1630| 1029 981 1284
K [W/(mK)] 2 065 016 150 150 0.207 0.16 0.773
| [1/pm] 0 0 0 32 32 1.31 0.47 10
E[kPa] |72x0° 750 107 5x108 951 791 2148
0.17 B 049 02 0.35 0.49 0.49 0.486

Table3.6. The layetthicknesgsof differentLUT devices
Carbon/PDMS composite PDMS protection layer

9% CSNP/PDMS 6 pm 18 pm
1.77% CNF/PDMS 25 pm 32.8 m
47 % CB/PDMS 30pm opm
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Figure3.3. The hierarchical predicin results for carboembedded PDMS LUT. (gk) The
acoustic waveform at LUT surface (wastde of the PDMS protection layer), This work vs.
previous theoretical anal ysis model (Huangos
47 vol% CB. (d)(f) The acoustic waveform at 4.2 mm from LUT surface,
COMSOL/Propagation model (thiswonk.Huangdés model / Propagati o
Experimental measurement showrjig]: (d) 9 vol% CSNP, (e) 1.77 vol% CNF, (f) 47 vol%
CB.

Lastly, the acoustic pressure detected at a distance from the LUT device surface (4.2 mm in
[12]) was calculated byequation (3-7) using the pressure profiles obtained with the FEA
simulation and Huangds model for comparison.
experimental resultfl2], the TAC mode[44], and the FEA simulation are compared-igure
3.3(d)-(f). The peak positive and negative pressure, peak frequé&ndi, bandwidth, and energy
efficiency obtained by the prediction model and the measurement are summarizdxdieid.7.

The energy efficiency was calculated by thequatiors:

0
O
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O — 1 o 3-9

whereO is the acoustic signal energ®, is the laser pulse energy, ailis the laser beam

Spotarea.

Table3.7. The hierarchical modealstimation of Carbon/PDMS LUT acoustic output compared
with experiments and Huangds mode|

Peak positive Peak negative Peak -6 dB bandwidth N
pressure pressure frequency [MHz] Efficiency
[MPa] [MPa] [MHZ]
Experimental 4.66 0.6 10 22.5(2.525, 225 %) 0.45%
9% Huang 6.1 _ 10 65 (065, 650%) 0.32%
CSNP model
This work 4.4 0.89 7.49 21'3(1'05/02)2'8’ 217 0.35%
Experimental 2.27 0.26 15 7.2 (1.59.7, 480%) 0.17%
0

107,\7];) Hmuodaeln g 5 _ 10 55 (055, 550%) 0.19%
Thiswork 2.61 0.03 1.42 13.6 (1.415, 957%) 0.23%
Experimental 0.73 0.15 5.7 11'1(1"‘;;01)2'6’ 195 0.03%

47 % Huang

0 0,

CB model 3.62 _ 10 75 (075, 750 %) 0.07%
This work 2.12 0.84 13.28 56.8 (3.260, 428%) 0.05%

FromFigure3.3andTable3.7, Huangdés theory predicted resu
in acoustic output: the peak positive pressure is too high, the waveform is too sharp, negative
pressure does not exist, and the bandwidth is extremely broad. Meanwhile, the hierarchical
simulation approach has better performance than the theory. The eimusilts of the 9 vol%
CSNP/PDMS composite match well with the experimental data in both the time and frequency
domain. The minor waveform difference at the time domain could be induced by the uncertainty
in the experiment's measurement process. ®t77% CNF/PDMS composite, the simulated
peak positive pressure and HéedB bandwidth simulation results (2.61 MPa and 13.6 MHz) are
slightly higher than the measurement data (2.27 MPa and 7.2 MHz), the simulated peak frequency
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(1.42 MHz) matches well with the measurement data (1.5MHz¢. possible reasofor the
broader-6 dB bandwidthin predictionis that highfrequency wave dissipated quickly in the
imperfect CNF/PDMS composite structure of the experiment.

On the other hand, the peak negative pressure in the simulation is smaller than the
measurement as much as 0.23 MPa. The perfect fixed boundary condition in the simulation limited
the LUT surface backward displacement, which attributes to the lower pgatikvegoressure. The
experimental result of 4% CB/PDMS composite showed significantly reduced performance for
all outcomes compared to the simulation. The deteriorated LUT performance is attributed to the
particle agglomeratiof12] and the reducepolymer matrix's (PDMS) synthesis qualiye to the
particle concentrationOf note, the effective properties assigned to the LUT device layer are
obtained using the unit cell model, which assumes the individual particles are uniformly separated
or not agglomerated. The results showed that the hierarchical simulation approadesprov
effective prediction in both time and frequency domains when the particle dispersion status in the

composite is close to uniform.

3.3  Composite layer optimization

Design parameters of photoacoustic nanocomposites, such as the particle size, shape, and
volume fraction, are often arbitrarily chosen
not by systematic procedurg¢$2,130,145] On the other hand, the approach in this study
hierarchically combines the nanocomposite property estimation and the device output prediction
providing a scientific design method to optimize the nanocomposites for the appis@dicific
characteristics, such as the higher negative pressure or broader bandwidth. Hesimythe

models demonstrated the design capabiiich composed ofD cylindrical and €D spherical
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nanoparticles mixed in PDMS. The parametric studies were conducted by sweeping the particle
design parameters, including the volume fractien®, 9, 12, 15, 18, 21, 24, 27 and 30 vol%) and
the particle diameters (10, 15, 20, 30, 50, 80, 100, and 120 nm). For the composites containing
the 2D cylinder particles, the particle orientation changed from (100), (110), (010);E®) (
directions in thexyzcoordinatego simulate the directional distributioRigure2.25). Then, the
average of the directional properties was used in the subsequent LUT device simulation. The laser
incidents along the-axis werelinearly polarized in botlkx andy directions Ex= 1 V/m andEy =
1 V/m, respectively).

The effective properties of the CB/PDMS and CNF/PDMS composites are sh&iguia
3.4 and Figure 3.5, respectively. For both cases, it was found that only the light absorption
coefficient U is sensitive to the combination of the particle size and volume fraction. Other
parameters, Young's modulls Poisson's ratid, thermal expansion coefficient and thermal
conductivityK, are sensitive only to the volume fracti¢hgure3.4 andFigure3.5). The thermal
conductivityK increases alongith theincrease in particle st4146]. However, in this study, it

IS not sensitive to the particle size in the relatively narrow rangel20 nm) compared §d.46].
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Then, the FEAderived effective properties of the nanocomposites were applied to the
absorption layer in the LUT device simulations. The thicknesses of the absorption layer and PDMS
protection layerKFigure3.1) were set to be 2 pm and 16 pm, respectively, and the incident laser
fluence was 3.58 mJ/éniThe photoacoustic pressure was monitored at the interface of the device
and media (i.e., water). The acoustic wave characteristics, including the peak positive pressure,
peak negative pressure, peak frequer@yl bandwidth, and energy conversion eéfiwy, of the

CB and CNFbased LUTs are shown Figure3.6 andFigure3.7, respectively.
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Figure3.6. The CB/PDMS LUT output acoustic wave simulation result (at the LUT surface). (a)
Peak positive pressure. (b) Peak negative pressure. (c) Energy conversion efficiency. (d) Peak
frequency. (e}6dB bandwidth.
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frequency. (e}6dB bandwidth.

For CB/PDMSbased LUT, the positive peak pressure has the maximum in the region of 10

T 40 nm particle diametatand 20 % particle volume fractiof2 The negative peak pressure and

the positive peak frequency ascend with the increase of volume fraction. The bréadBst
bandwidth appears dtin the range of 10 20 nm andQ in the range of 122 %. The highest
energy efficiency is located dtfrom 107 25 nm andQ near 15%. In practical material design,

for example, if a transducer needs higher positive pressure to obtain better performance in
therapies such as lithotripsy and plaque disruption, the CB/PDMS transducerimvitine range

of 10-40 nm andQ near 20% will be recommende{B8]. If both broader6dB bandwidth and
higher positive pressure are required for precisely ablating malign tumors, the intersection of their

optimal regionsd around 10 20 nm andQnear 2%, is the optimal scenari@8].
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For CNF/PDMS LUT, the peak positive pressure had the maximum value at dagitime
range of 40 80 nm andQ in the range of 10 15%. The peak negative pressure ascends with
the increase of volume fraction. The maximum peak frequency and broadest bandwidth appear at
din the range of 70 90 nm andQ approximately in 2% 30%. The highest efficiency is located
atd in the range of 40 80 nm andQ around 12%. If the broader6dB bandwidth and higher
peak positive pressure are required, the intersection of their optimal regdjegpyzoximately70

T 80 nm andQnear 2%, is the optimal scenario.

3.4  Parametrical Smulation and statistical analysis

The relation between the LUTO6s design (incl
and acoustic output, especially in the frequency domain, is unclear due to the complexity of the
nanocomposite absorption layer of LUT. Previous work can only gtiedity analyze the relation
between the material properties and acoustic pressure[3&y&P5] The lack of theory support
led to the iterative design process and reliance on human perception, which cost a lot of labor and
computational cost. Hencép developnextgeneration LUT matrix polymer materials, it is
necessaryirst to make clear the correlation between the LUT design and acoustic output.

The statistical analysis investigates the relationship between the LUT design and the acoustic
output. To generate the dataset for statistical analyeispultiphysics FEA modetleveloped in
Chapte3.2was employed and adjustacc c or di ng t o t hEhemodasthematic er 6 s
is shown inFigure 3.8. The modified LUT FEA model considered the reflected waveform from
the substrate interface with air media. The nanocomposite absorption layer, which transforms the
laser energy into mechanical energy, was considered a uniform layer to reduce the acomputati

load, and its properties were estimated by the FEA model in ad@goes3.8) [37].
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For the FEA model, there will be eight input paramettdrsr{nal expansion coefficieht
nanocomposite thickness You n g 6 s Hpo dPwli usss b,mabssrption acoeffiaent ,
thermal conductivityK, heat capacityCp, anddensity} and six output parameters (Peak positive
pressure (PPP), Peak negative pres@ix#), Peak frequencyg dB bandwidth;6 dB bandwidth
upper bound, anéb dB bandwidth lower bound). The tird@main acoustic signal was collected
at the interface of LUT with water media. The PPP and PNP were derived from tkaotimaen
signal,and the frequency and bandwidtlated information was derived from the f&siurie
transformed (FFT) frequenaomain signal. The dataset was composed of all the input and output
parameters. For each input parameter, the scan range was set accordngadtetial properties
of common polymer materials, shown Tiable 3.8. The absorption layer thickness was chosen
based on the typical spooating thickness range from Qi i 10 pm. Of note, because of the
physics |limitation, the Poissonds ratio and Y
(e.g.,E=3 GPa, =0.49, which also may lead to simulation roanvergency. For this reason,
we set a limitation th&® * 1.2 x 10. The final data set includes more than 9000 simulations

conducted by COMSOL.

Table3.8. Material properties and transducer parameters range in the DoEirREAtion

Parameters Range
Nanocomposite thicknessjum] 0.1-10
Absorption coefficientJ[1/pm] 0.5-3
Thermal expansion coeff,[1/K] 50-900 x 16°

Young's modulusk 600 KPa- 4 GPa
Poisson's ratig 0.250.49
Density,} [kg/mp 1000- 2000
Heat capacityCp [J/(kgK)] 800- 1500
Thermal conductivityK [W/(mK)] 0.15-0.3
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Figure3.8. (a) The schematic of the LUT simulation model and the waveform superposition.
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(f) -6dB bandwidth.

Before the statistical analysis, the dataset was normalized. Linear regression was employed
to analyze data. The results are showhahle3.9 andFigure3.8. The standard estimasépeof
linear regressiowas used to indicate the significance of the correlation between the specific input
and output. The linear regression model indicates thatEyand| will dominate the bandwidth

of the LUT acoustics signal. The central frequency strongly correlategwitandU. TheE and

T will attribute to the PPP and PNP. For excellent performance in the frequency domain, the
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materialsE and| , and the structure laye¢rshould be selected or designed sophisticatedly. For
better timedomain performance, especially for higher PNP, the materials design should focus on
the E when keeping a relatively higherOverall, theE andf  will be the direction for the polymer
matrix material selection. Other features with strong correlations, suthargU ,could be

controlled in the nanocomposite fabrication process.

Table3.9. Thelinear regressioanalysis between the acoustic output and input parameters

Standard estimateslope

Parameters

PPP PNP Frequency -6dB Bandwidth
Nanocomposite thickness, 0.0388 0.0277 -0.2013 -0.2638
Absorption coefficientlJ 0.0075 0.0674 0.0930 0.1816
Thermal expansion coefb, 0.0931 0.0814 0.0120 0.0019
Young's modulusi 0.1116 0.7426 0.5929 0.2554
Poisson'’s raticg 0.0068 0.0689 0.0472 0.0431
Density,} -0.0195 -0.0344 -0.0559 -0.0269
Heat capacityCp -0.0494 -0.0421 -0.0296 -0.0240
Thermal conductivityK -0.0093 -0.0041 0.0183 -0.0034

Under the direction of the statistical analysis results for better PNP and frequency
performance, the candidate polymer materials should have a high thermal expansion coefficient
and a Higher Youngbés modul us. Af t- ®@yroméllitid t er i n
di anhydr i-Dine ety d -didmindlienzene (PMDAMDB) was proposed as the new
generation LUTO6s plTheé AMDADMDE@ossesses a rafcively migh kateral
thermal expansion coefficient of 2008@& n d a Y o u us ofBGPa Mat dre rhuch higher
t han P DMI®&Pa)[140 158]. Moreover, the polyimide family was famous as a high

temperature resistance material that can stand high temperatureS@t 48€h as Kapton tape.
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To preverify the performance of PMDAMDB LUT (we will call PMDA-DMDB as Pl
following, t he materi al 6s properties wkble31lOdstspl oy ed
the material properties of Pl and PDMS. The CNT was set in the simulation as 70 nm diameter
and 9 val. The nanocomposite layer thickness was set amml®Bubstrate thicknesses were set
as1l0un. The LUTs®6 name for mat was deThelaserdouraes : Part
was set as 50 ns duration and 5 m3/emergy density. The simulation showed that the
CNT/PI/Glass LUT could provide more than two times PNP and two times higher peak frequency
than CNT/PDMS/Glass LUT with the same structure layout, glass substatesaser input

energy Figure3.9 andTable3.11).

Table3.10. The properties of PI(PMDAMDB) and PDMS

Properties PDMA-DMDB PDMS
Thermal expansion coef,[1/K] 230 x 10° 960 x 1¢°
Young's modulusk 3 GPa 750 kPa
Poisson's ratics 0.34 0.49
Density,} [kg/mP 1420 970
Heat capacityCp [J/(kgK)] 1090 1460
Thermal conductivityK [W/(mK)] 0.12 0.0029

It is worth noticing that when the nanocomposite layer emits acoustic waves, there is not
only a wave in the forwardlirection but also in the backward directiof the substrate.
Researchers demonstrated that the reflected wave could reinforce acoustic signal intensity without
polarity change and that using reflected waves with polarity chgegerates superposition
waveform with significant negative pressyit®1,152] Firstly, there should be enough acoustic
waves to pass the substrate to achieve this objective, which needs a relatively close acoustic
i mpedance (dominated by Youngdés modulus and

substrate. Secondly, the wavefoshould have a polarity change when reflecteatiesubstrate
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media interface, which needs the substrateos
In the meantime, the substrate thickness should be designed sophisticatedly to obtain a perfect
superpositioned waveform.

The FEA simulations were conducted to demonstrate the feasibility of the superpositioned
waveform and investigate the optimal layout. &@mire the effect of different nanocomposite
and substrate acoustic im@ede combinations orthe final acoustic output result, the
CNT/PDMS/Glass, CNT/PDMS/Kapton, CNT/PDMS/PDMS, CNT/PI/Glass, CNT/PIl/Kapton,
and CNT/PI/PDMS scenarios weeenployedfor thefurthersimulationstudies All the substrate
thickness was set as 100 yn. The simulation results indicate thatldtevely closer acoustic
impedance of the substrate with the nanocomposite layer will affect the wave passing through the
substrate. The large acoustic impedance discrepancy of the substrate with air would induce strong
reflection with phase reverse. Henchigher negative pressure could be observed at

CNT/PI/Kapton LUT simulation.

Table3.11. The simulation results of CNT/PDMS and CNFHised LUTs on glass, Kapton
tape, and PDMS substrates

Transducer type PPP (MPa) PNP (MPa) Peak frequency (MHz) -6dB bandwidth (MHz)

CNT/PDMS/Glass 4.08 0.36 2.99 10.20
CNT/PDMS/Kapton 4.04 0.39 2.99 9.80
CNT/PDMS/PDMS 3.74 0.92 2.99 9.40

CNT/PI/Glass 3.78 1.48 5.98 10.20
CNT/PI/Kapton 2.90 2.23 5.98 9.60
CNT/PI/PDMS 1.57 211 5.98 6.20
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Figure3.9. The FEA simulation (COMSOL) results in different matrix polymer and substrate
material combinations. (a) Time domain acoustic signal of the (from up to bottom)
CNT/PDMS/Glass, CNT/PDM8&apton and CNT/PDMS/PDMS LUTs. (b) Frequency domain
acoustic signal of the (from up to bottom) CNT/PDMS/Glass, CNT/PBl¢i@bn and
CNT/PDMS/PDMS LUTSs. (c) Time domain acoustic signal of the (from up to bottom)
CNT/PI/Glass, CNT/PKapton and CNT/PI/PDMS LUTSs. (d) Frequency domain acoustic
signal of the (from up to botton€CNT/PI/Glass, CNT/PKapton and CNT/PI/PDMS LUTSs.
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The substrate thickness will affect the ref
The CNT/PI/Kaptor,UT acoustic outpwwere simulatedvith different substrate thicknesses (10
T 200m). A clear view of wave superpositi@amd phase delay can be observed in the simulation
results(Figure3.10 and Table 3.12). When the thickness is too small, the forward and reflected
waves will destruct with each other, which leads to a lower acoustic pressure but with higher peak
frequency and broader bandwidth; when the thickness is too large, there would be a gap between
the forward and reflected wave, which will lead to a lower peak frequency and narrow bandwidth.
The thickness of 50 70 un Kapton substrateis optimal for generating continued waveform

without wave destruction.

Table3.12 CNT/ Pl / Kapt on L Ufamdetrisalsbmulationat e t hi c k
Substrate thickness PPP (MPa) PNP (MPa) Peak frequency (MHz) -6dB bandwidth (MHz)

t=10 0.99 0.72 7.98 13.50
t=30 2.22 1.61 5.98 14.70
t=50 2.77 2.13 5.98 14.75
t=70 2.90 2.26 5.98 12.50
t=100 2.90 2.23 5.98 9.60
t=150 2.90 2.21 5.98 5.50
t=200 2.90 2.20 4.00 3.50
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Figure3.10. The simulation results of CNT/PI/Kapton with different substrate thicknessés (10
200 pm), (a) Time domain signal, (Brequency domain signal.

3.5 Nanocomposite synthesis and characterization
The PMDADMDB was synthesized by the precursors PMDA and DMBByre 3.11):
The precursors were first dissolved into solvent DMAc as 10 wt%. Then-GQE©OH

functionalized CNTs were dispersed by ultrasonics probe into precursors/DMACc solution under a

82



water coanhg system. The dispersed CNT/precursors/DMAc solution was coated onzthe O
plasmatreated glass substrate. The coating sample was baked in a vacuum ové@ &ir820

mins to evaporate the solvent. The baked samples were transferred tetentpghature tube
furnace for PMDADMDB synthesis. After curing for 2 hours at 330 under N flow, the
CNT/PMDA-DMDB film was prepared on the glass substr&tigure 3.11). The film could be
transferred to Kapton tape depending on the demand for flexibility and negative @(Eggure
3.11). The SEM pictures demonstrated the homogeneous dispersion condition of thEi@N& (
3.11).

The before and after curing FTIR spectra of PMDIDB are shown irFigure3.11. After
curing, the representative absorption peaks of precursors (PAA) at wavenumber 1610.7 cm
(amide C=0) and ~3200 ch(N-H and amide C=0) disappeared, which were replaced by the
representative peaks of PMEBMDB polyimide at 1777 cmh (C=0 asymmetric stretching),
1723 cmt (C=0 symmetric stretching), 1367 ¢n{C-N stretching) and 725 ct(C=0 bending).

The FTIR characterization results demonstrated that the RBIBIBRB polyimide was
synthesized successfully. The thermal gravimetric analysis (TGA) characterizationFigguk (

3.11) verified that the PMDADMDB will not decompose until 488C.
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Figure3.11. (a) The Pl nanocomposite synthesis procedure. (b) CNT/PI composite on the glass
substrate. (c) CNT/PI composite on Kapton tape substrate. (d) SEM picture of CNT/PI film. (e)
FTIR spectra of PAA (precursors of PI), BhdCNT/PI nanocomposite. (f) TGA result of PI
and CNT/PI nanocomposite.

3.6  Polyimide-based LUT laserand acoustic experiments

The excitation laser source used in the laser test is Quntel Qsmart 850, which can provide a
532 nm laser with a 50 ns/pulse laser duration and 10 Hz repetition rate. The laser beam diameter
is 8 mm. A pyroelectric energy sensor (brand and model) calkibtigelaser pulse energy. The
experiment setting is shown kigure3.12. The sample was fixed outside the plastic water tank
with a 16 mmhole to avoid extra attenuation in the signal propagatidnhigh-frequency

hydrophone (HGEO085, ONDA Corp., Sunnyvale, CA) was utilized as a receiver to detect the
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ultrasound signals generated by the composite. The hydrophone we used has an aperture size of
200pm. A 10.6 mm distance between the LUT nanoc
chosen for all testfor fair comparison. The laser source provided the trigger signal. The received
hydrophone signal was amplified by a preamplifier (20 dB) and then recorded by a digital
oscilloscope (DSO7104B, Agilent, Santa Clara, CA). Each waveform was obtained hyirayera

16 signal traces in the time domain.

Oscilloscop

Trigger

Preamp

Water tank

|

Substrate
Carbon layer

Hydrophone

Water tank

Figure3.12. LUT laser test experiments setting

To demonstrate thmerits of Pl LUT the samehickness CNT/PDMS and CNT/PI laser
absorption | ayer were fabricated on the gl ass
absorption layers were controlled at 10 pm, and the CNT volume fraction was contt@leal%o.
Under 5mJ/crhlaser energy density, the CNT/PI LUT had a 2.0 MPRPP, 1.42 MPaf PNP,
6.7 MHzof Peak frequency, and 22.5 MHzof -6dB bandwidth, wheesthe CNT/PDMS had
a 4.5 MPaof PPP, 0.25 MPaf PNP, 3.4 MHzof Peak frequency, and 21%.7 MHzof -6dB
bandwidth(Figure3.13 andTable3.13). This result demonstrated that the Pl LUT could provide

higher peak frequency (~ 2 timesjdB bandwidth (~1.4 times), and PNP (~5.7 times).
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Table3.13. Thelaserexperiments summary of LUTs
Transducer type PPP (MPa) PNP (MPa) Peak frequency (MHz) -6dB bandwidth (MHz)

CNT/PDMS/Glass 4.50 0.25 3.40 14.20

CNT/PI/Glass 2.00 1.42 6.70 19.90
CNT/PIl/Kapton 30 1.20 1.10 6.30 12.84
CNT/PIl/Kapton 50 1.50 2.00 6.00 8.30
CNT/PI/Kapton 70 1.50 2.10 5.00 6.17

According to the simulation results, if the substrate hdsseer acoustic impedance with the
nanocomposite layer, the LUTs could provide higher PNP, mainly attributed to the reflected
waveform from the substratar interface. To test this hypothesis and achieve flexible LUTs, the
CNT/PI film was fabricated anglansferred to Kapton tapes (polyimide) with various thicknesses,
such as 30, 50, and 70 ym. The absorption nanocomposite thickness was also con@0lled, a
and the CNT volume fraction is 9 vol%. The acoustic output resulsutustrates with differén
thicknesges are shown ifigure3.13. The CNT/PI/Kapton(50 pym) LUT can obtain a continued
waveform of 1.5 MPaf PPP, 2.0 MPaf PNP, 6.0 MH=af Peak frequency, and 220.5 MHzof
-6dB bandwidth. The CNT/PI/Kapton(30 pm) LUT can obtain 1.2 MP&PP, 1.1 MPaf PNP,

6.3 MHzof Peak frequency, and 2.315.17 MHzof -6dB bandwidth. The CNT/PI/Kapton(70 pm)

LUT can obtain 1.5 MPaf PPP, 2.1 MPaf PNP, 5.0 MHaf Peak frequency, and 2.885 MHz

of -6dB bandwidth. For the 70 um substrate LUT, there was a separation between the forward
waveform and the reflected negative waveform. These results demonstrated that the schematic of
the substrate with suitable thickness could provide a reflected negatisgure waveform that
integrated with the reflected positive pressure waveform. For the highest PNP, the optimal
substrate thickness exists when the reflected waveform and the forwastbmahave a half

period phase difference. If the substrate thickness is too small, the phase superposition will
eliminate part of the wave and lead to a dim waveform. If the thickness is too high, the peak

frequency and bandwidth will have some loss.
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Figure3.13. (a)i (b) The laser experiments results of the different matrix polymer and substrate
materials combinations: (a) Time domain and (b) Frequency domain(dx)he laser
experiments results from CNT/PI/Kapton LUTs with different Kapton substrate thggdses
(from top to bottom: 30, 50, and 70 pm).
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3.7  Summary

In this chapter, we developed a hierarchical predictive approach for LUT. The method
involved combining effective properties estimation, multiphysics FEA model, and propagation
calculations in the medium (water) to predict the acoustic output of the LAASSESS the viability
of our approach, we conducted simulations using three different LUT compositio¥s: 9
CSNP/PDMS, 1.7P6 CNF/PDMS, and 4P6 CB/PDMS. The hierarchical predictive approach
demonstrated excellent performance in both time and frequenayidooutputs for 9%
CSNP/PDMS and 1.7% CNF/PDMS. However, the 4% CB/PDMS results were less favorable,
likely due to the exceptionally high particle content. This method holds significant potential for
LUT design and comparative research, encompassing aspects such as parameter optimization,
exploration of new materialir@ctions, and the design of surface patterns.

Based on the hierarchical predicting approach, the paraswésp simulations were
demonstrated to explore the optimal LUT design with variahlebas particle size (10120 nm)
and volume fraction (5 30 %). It was known from the composite effective properties prediction
simulation that onlythelight absorption coefficient was sensitive to both embedded particle size
and volume fractionand other effective properties only response to the particle volume fraction.
For different purposes, there were different optimal parameters for LUT design. For example, if
one device neexboth high peak positive pressure for plague disruption, a CB/PDMS transduce
with particles withd in the range of 120 nm andQnear 20% or a CNF/PDMS transduce with
particles withd around 7880 nm andQnear 20% could be chosen as the design scenario.

Then, this study demonstrated a higinperature and highequency flexible LUT made
by CNT/polyimide nanocomposite. The FEA simulations and statistical analysis indicated that

Youngos modul us significantly i nfl uece.ches t he
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polyimide (PMDADMDB) was chosen for the LUT laser absorption hanocomposite polymeric
matrix material, assisted by the FEA simulation and statistical analysis. The reflected polarity
change wave was proposed and demonstrated for a superpositioned wavi#idamge negative
pressure. The 5Qm Kapton was demonstrated as an optimal substrate thickness for continued
wave without deconstruction.

Experiments verified the proposed new material and structure layout. CNT/PDMS/Glass,
CNT/PI/Glass, and CNT/Pl/Kapton LUTs were fabricated and characterized by laser experiments.
Compared with PDM®ased LUT, the Pbased LUT was demonstrated to have tviiee peak
frequency, 5.7 times peak negative pressure, and 1.4 s bandwidth in the same substrate
and laser source scenarios. The CNT/PI absorption layer was further integrated with Kapton tape
to pursue a higher negative pressure (1.5 times leabUT on glass) and flexible LUT with only
a miniature frequency performance loss. Furthermore, The CNT/PI/LUT has tremendous thermal
stability, which can stand at 458G without decomposing. The FEA and statistical analysis results
display a material and structure design guideline for the LUT design, which may make the LUTs

more multifunctional.
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CHAPTER 4.PASSIVE RADIATIVE COOLING COATING DESIGN AND SCALABLE
FABRICATION

4.1 Introduction

Cli mate change has severely impacted peopl e
temperature, approximately 2028 of electrical energy was used in tbeoling system ofJS
residenceand commercial buildingd53,154] presenting a challenge toward a sustainable future.
Passive radiative cooling (PRC) materials can mitigate cooling consumption by delivering wireless
access to the cold thermodynamic resources (~4K) in deep [4/58€&63]. By reflecting solar
radiation and radiating heat into the cold universe through the atmospheric transparent window,
the radiative cooling materials can achieve noticeable cooling energy savings under direct sunlight.
The ideal radiative cooling materiasould simultaneously possess high cooling powerdost,
scalable manufacturing, and contamination resistance characteristics. Previous research showed
that rough microstructures could achieve high cooling power ang@mtmination since the
rough sirfaces elevate the thermal emissivity by creating a gradual refractive index change and
generating a superhydrophobic surfdd®5,164 167]. However, nontriviality arises when
fabricating the desired microstructures with loast and scalability because high mmérared
(mid-IR) emissivity requires higiprecision control of the photonic microstructures, where costly
and lowyield nanofabricton techniques are generally employed (such as photolithography and
nanoimprinting)155,164 167]. Thus, innovative manufacturing methods need to be developed to
fabricate these microstructures for laiggale applications, such as building energy saving.

Roll-to-roll has been an industrildvel process for scalable and inexpensive -titrim
fabrication.Zhai et al.first used the rolto-roll method to fabricate flat Sipolymethylgentene

nanocomposite film with a silver reflection layer to obtain a solar reflectance%fedtal a mid
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infrared emissivity of 9%6. However, the dbeam metal evaporation silver layer significantly
increases the manufacturing cost and tifd®7]. Zhou et al. directly coated a flat
polydimethylsiloxane (PDMS) layen the metal sheet by the rodiroll method, which can avoid
the expensive metal evaporation process. However, the performance and cost were limited by the
substrate metal[168]. The common ribbon and spike defects in traditional -taHoll
manufacturing inspired researchers to develop a novel scalable way to fabricate periodical
microstructures[169 172]. Specifically, the positive pressure gradient generated in the
downstream meniscus sows the se¢ld3175p Thesehe sp
defects can be robustly kept when the materi e
nanoparticles. I n this situation, the defect s
(i.e., surface energy, viscosity) and fabricagp@mameters (i.e., roller radius, roller gap, and roller
speed)[176i 178]. The optimized spike microstructures for high cooling performance can be
obtained by manipulating the embedded nanoparticles and fabrication parameters. In addition,
met al oxide nanoparticles can refl eaog[l7%unl i gh
181], which potentially enhances the daytime radiative cooling power. Therefore, the modified
roll-to-roll manufacturing method could be a ceffective candidate for fabricating high
performance daytime radiative cooling photonic structures on a large scale.

In this study, we first demonstrated a templaée roltto-roll method combined with
polymetric nanocomposites to fabricate photonic spike coatings for daytime radiative cooling
(Figure 4.1(ae), Figure 4.2, Figure 4.3). A Dbilayer structure comprising
Al2Os/polydimethylsiloxane (PDMS) and THI’DMS enhances the reflectivity of ultraviolet (UV)
light (Figure4.4(a))182]. The fabricated photonic coatings show a directional emittance i mid

IR of 97.0% and a stat®f-the-art substraténdependent solar radiation directional reflectance of
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96.0% (Figure4.4(b)). The photonic coating generates a-anibient cooling power as high as

39.1 W/nt in the daytime of Chicago with a 0.125 cloud cover ratio. The building energy modeling
result shows a 14.4 % cooling system energy (31.7 GJ/year) saving capability across the U.S.
Compared with the statef-the-art radiative cooling material$-igure 4.4(c), Chapter4.7.2 0,
normalized in same weather condition based on Mag@23of Chicago, IL, USA), our photonics
coating possesses a high solar reflectivity, thermal emissivity, and cooling [i&biet60,183]
Besides, the photonic coatingcludessuperhydrophobic merit (water contact angle =°1,56
promoting contamination resistanc&igure 4.4(d) and Figure 4.14). Lastly, SiQ/PDMS
nanocomposite films were developed using roll coating methods for tisegassive cooling of

solar cells.

: Random
TiO,/PDMS ; Al,O,/PDMS : -
Transparent plaste Time palste microscale Ultra-white

o (-
@ p

Polyimide film

Roll-to-roll flat Heating Roll-to-roll Heating
surface and rough surface and
fabrication curing fabrication curing

Figure4.1. (a) Schematic of the bilayer nanocomposite microstructure photonic coating
fabrication. (b) The spike formation schematic during thetosibll fabrication processlb
vol% Al>Os/PDMS with relatively lowviscosityand low roller speed are utilized for convenient
photography, which is not the final produdt}-e) The bilayer coating products (26 vol%
Al>0s/PDMS - 25vo0l% TiG/PDMS). (c) Camera image. (d) Laser confocal image of the surface.
(e) SEM with a crossection view.
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Figure4.2. The laser confocal picture of the2®/ PDMS
Figure4.3. The SEM pictures of th&l,Oz/polydimethylsiloxane (PDMSTiO2/PDMS surface.
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Figure4.4. (a) The schematic of the bilayer photonic coating passive radiative caotiadjer
green spheres are 8k, and thdarger blue spheres are Ti@b) Spectral reflectance and

emissivity of the photonics coating (bilayer, thickness is 300 pm) presenting against normalized
ASTM G17303 Reference Global Tilt Solar Spectra and-tRdransparent window of

Chicago, IL, USA. (c) Comparing the solar esflance, emissivity, and theoretical cooling power
(normalized in the same ASTM G1-03 Reference Global [fiSolar Spectra and weather

condition of Chicago, IL by MODTRAN) with the statd-the-art radiative cooling materials
record in the reference. (d) Photonic Qoating
and contamination resistance demonstration withs30pe (Side view picture is irigure4.14).

4.2  Design Simulation for thescattering, reflection, and structural -optics effecs

The ideal radiative cooling materials should possess high solar reflectivity and thermal
emissivity. The transparent PDMS is used for high thermal emissiopam@AkOz nanoparticles
are mixed with PDMS to enhance solar reflectivity. Zi©a commercial white painting material
with high reflectivity at a thin thickness due to its high refractive index (~2.7). However, the TiO

highly absorbs the UV and blue light due to the 3.0 eV bandgap (413 nm), which limits the solar
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reflectivity to around 91% [184]. Therefore, lowcost AbOs nanoparticles are introduced to
suppress UV absorptivity to tackle this challef$y®2]. Figure 4.1(a) and 2(a) show the final
design of the bilayer photonic materialie AbOz/PDMS is layered on top of the TPDMS to
prevent the UV absorption of TiO Theoretically, larger backscattering coefficients of the
nanoparticles lead to higher reflectivity. To validate thiig's theory calculated the backscattering
coefficients of the nanoparticl€Bigure4.5(a-b), Figure4.15, andChapter4.7.5. The selection

of 500 nmsized TiQ particles was based on their strong backscattering coefficient peak aligning
with the peak of solar radiation at 500 rfine 200 nrrsized AbOs particleswere chosen due to
their high backscattering coefficient in the UV range and improved processability in PDMS
compared to particles of size 100 nm.

Apart from the improved solar reflectivity, we elevated the thermal emissivity by fabricating
the spike microstructures on the top surface
lateral length) only had a negligible effect on the solar speattlectivity according to Rigorous
CoupledWave Analysis (RCWA) simulationF{gure 4.5¢c) because of thsignificantmismatch
between the wavelength of the incident light and the structure Eigeré 4.5(c) andChapter
4.7.9. The spike microstructures create a gradual refractive index change at the air/coating
interface, which enhances the thermal emiss[ifp]. The enhancement of the thermal emissivity
by the photonic microstructures was simulated by finite element analysis (FEA, COMSOL
Multiphysics 5.5,Chapter 4.7.7). The FEA demonstrates that the microstructures significantly
increase the hemisphere emissivity from 7003 (flat PDMS, tP) to 87.0% (triangular
microstructured PDMS, -P) at midIR (Figure 4.5(d), Chapter 4.7.7). The triangular
microstructure also shows higher emissivity than square and circular topogra&pues 4.20,

Figure4.21). Boosted by the strong mi& absorption of AIOs or TiO2 nanoparticles (25 vol%
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particle concentration), the emissivity can be promoted further t&®g-8yure4.5(d) andFigure

4.22). The simulation results also reveal that the higher height and lower peak pitch length (denser)

of the spike lead to a higher emissiviBigure4.23), which guides our rofto-roll fabrication.
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solar spectral reflectance, and the models in the RWAC model. In the legempdesenta

triangular spike model, andfepresentshe flat model. (d) The enhancement results for the mid
IR emissivity by the photonic microstructurgsre simulated by finite elements analysis (FEA,

COMSOL), and particle concentration was%5In the legend, Represent®DMS.

4.3

Fabrication processoptimization

crostr

For cooling energygaving applications, the radiative cooling photonic coating materials

must be fabricated on a large scale. The rapidtoaibll method fabricates the THIPDMS and

Al>0z/PDMS bilayer photonic coating materials with spike microstructures by employing

viscoelastic fluid instability. The formation of the spike peaks is describ&tyure4.1(b) (15

vol% Al>Os/PDMS, relatively low viscosity material, and low roller speed were utilized for
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convenient photography. It is ndhe final product). Our previous simulation research
demonstrated that surface enengyiscosityd or(complex viscosity]), roller radiusR, roller

gapd, and roller speed were strongly correlated with the pressure gradient in the flow direction,
which directly | ed to t Hl&5]. Toodemoastratedhe effedisepff he s p
U, armiR/don t he fi nal S p i pki@, padramptiec @X¥periments ardcordectedy t h
with U ranging from 20 rpm to 100 rpm, aRddfrom 100 to 320. The 424 vol% AbOs/PDMS
nanocomposites are prepared for different viscosities.oThea hrdeasdrement results of the
nanocomposites are shown Higure 4.6(a-b) and Chapter4.7.8 The parametric rofio-roll

experiment results demonstrate that the highiigher particle content)), andR/dwould lead

to a smallepspikeas shown irFigure4.6(c) andTable4.6. The Capillary numbeid a = d Wsed ,

to be the index for predicting the critical point of the tolroll defect appearance, but the
fabrication in this study is far beyond the critical point) could not fit the viscoelastic fluid
fabrication very well Figure4.26). We propose a novel Rdib-roll Defects CoefficientRDC=

((d HY3UR / 9§05, to fit with thepspike The pspikevs. RDOresultis shown inFigure4.6(d). A linear

proportion shows that th®pikedecreased as tiRDC decreased.

In the final bilayer products, a flat 25 vol% T#®DMS is the first rolto-roll fabricated and
cured. Then, the toyer is fabricated on the flat layer by radtroll method, where the 26 vol%
Al>0s and 3 vol% SiQ (10 nm, stabilization particles) are mixed into PDMS to achieve close
boundary viscosity but with processability. When therent to 100 rpm and tHe/dwent to 320,

t he ~ pLiéls aehimvedigure4.1(d-e)), which is desired for improving thermal emissivity
(Figure4.1(d-e)).
It is necessary to characterize the optical properties of solar ankRmaghges to prove the

radiative cooling capability of the photonic coating. The ultrawveigible (UV-vis) and Fourier
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transform infrared (FTIR) spectrometers characterize solar reflectivity andRmibdermal
emissivity, respectively. IFigure4.6(e), the U\~vis results show that the bilayer,8/PDMS
TiO2/PDMS coating overcomes the drawbacks of th®©&PDMS (low overall reflectivity, 59.%
with 100 pm thickness) and TiZPDMS (high absorption at UV, 91% solar reflectance with
100 pm thickness). A 96.06 solar reflectivity is achieved, comparable with PDMS/si&5].
The FTIR measurement verified that the spike structure enhanced tHR mmlission Figure
4.6(f)). The 97.0% and 96.3% emissivity are obtained from the structured bilayeO3IPDMS
TiO2/PDMS and the structured T#®DMS samples, respectively. Theferenced materials, flat

TiO2/PDMS andlat PDMSmaterialsachieve 95.06 and 93.26 emissivity, respectively.
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Figure4.6. () The surface energy components of the differep®4200 nm) particle
concentrations in PDMS (P))(Complex viscosityd') vs. angular frequencyc)(A parametric
experiment of the nanocomposite pastes, Peaks pitch lgngth (s.Roller geometry factor
(R/0) and roller speedl). (d) Peak pitch lengths.Roll-to-roll defects coefficient (RDC)gf
The reflectance of a photonic coating sampl@&ltOs/P-TiO2/P) and other comparing samples
on the solar spectrunt) (The emissivity of the photonic coating and other comparing samples at
mid-IR (7-14 pm).
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4.4  Field testof the aoling filmé thermal performance

To assess the daytime radiative cooling performance of the sample, alie&drcooling
power measurement platform was established near Michigan Lake in Chicagoyute@.27).
The temperature drop measurement setup was positioned on a rooftop at Chicago University,
Chicago, IL Figure4.28). The outdoor measurements took place in Chicago on May 4th, 2023.
The measurement system depicteBigure4.7(a-c) consisted of a Peltier device, a PID controller,
a data acquisition (DAQ) system, a power supply, a thermopile pyranometer, and a device for
measuring the sample temperature. The theoretical calculations were conducted based on the
model proposed bxili (2021)[186]. For these calculations, temperature and humidity data were
obtained from field test measurements, the heat transfer coefficient was estimated as’k, W/(m
and the cloud cover ratef 0.125 was cited fronthe National Oceanic and Atmospheric
Admini strationbds (NOAA) N ai tCihd rcaalg o WelabtHme re S enrt \
Airport weather record187]. The AbOs/PDMSTiO2/PDMS coating demonstrated an average
cooling power of 39.1 W/m4from 9:37 AM to 10:45 AM, as determined from the field test. This
value was slightly lower than the theoretical calculation result of 55.1 W/m2as shotwigtine
4.7(d) andFigure4.29. The deviation between the field test and theoretical calculation may be
attributed to factors such as the estimated cloud cover rate and parasitic heat loss (heat convection
and conduction) from the test platform. Regarding the temperdtapetest, thesame sample
exhibited an average temperature drop of 5.2€C, slightly lower than the theoretical model

calculation of 6.2€C, as depicted iRigure4.7(e) andFigure4.29.
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Figure4.7. (a) Outdoor cooling power and temperatdrep measurement platforms. (b)
Schematic of the Peltidrased measurement platform. (c) Schematic of the tempedaape
measurement platform. (d) The bilayer photonic coatings cooling p&aging measurement
result and theoretical model prediction cooling poviRgsdfing_ model With corresponding relative
humidity (RH), ambient temperaturd@d), and solar illuminatioilsoiar, average and maximum
illumination arelave andlmay respectively). (e) The bilay photonic coatings temperature
measurement resulfd) and model predicted temperatufedde) With correspondindRH, Ta, and
lsoar  (f) The i nfrared thermal camera pictures
The infrared camera image clearly illustrates the excellent thermal emissivity of the coating,
allowing for effective dissipation of the heat beneath the sample.

To demonstrate the outdoor UV durability of the coating;yeee equivalent solar light UV
radiation was applied to the coating continually. The resulicatedno significantdegradation
of mechanical strength or optical properties after one year of equivalent solar light UV radiation

(Figure4.6 andFigure4.9).
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