
 

ABSTRACT 

LIU, SIPAN. Optical Nanocomposite System Design and Fabrication by Multiphysics 

Computational Approaches. (Under 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 on the Fabry-Pérot 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 phenomena effects on effective RI, 

such as nanoparticle size, distribution, and morphology, and quantitatively investigates their 

effects on nanocomposite behavior. The accuracy of this model is substantiated through 

experimental validation, demonstrating its potential to fine-tune RI in real-time applications. 

Secondly, extending the FEA model's capabilities, a hierarchical simulation framework is 

applied to the performance analysis of laser ultrasound transducers (LUTs) acoustic output. The 

simulations divide the nanocomposite design's influence on LUT characteristics at multiple scales, 

from material attributes to device response and near/far field acoustic wave propagation. By 

simulating energy conversion from laser incidence to ultrasound generation, this study reveals the 

parametric dependence of LUT efficiency 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 LUTs, which are superior to PDMS-based LUTs for high-frequency and high-

temperature environments. The integration of carbon nanotubes with a polyimide matrix composed 

of pyromellitic dianhydride and 2,2'-Dimethyl-4,4'-diaminobenzene (PMDA-DMDB) is guided by 



 

FEA and Design of Experiments (DOE). This nanocomposite showcases remarkable thermal 

stability, proving beneficial in experimental assessments of peak frequency and negative 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 challenge of cooling energy consumption by 

scalable fabricating spike microstructured photonic nanocomposite coatings through a template-

free roll-to-roll process. The optical and thermal simulations were conducted to design the high-

performance passive radiative cooling coating with surface microstructures. These coatings 

comprise Al2O3 and TiO2 nanoparticles, achieving over 96 % solar reflectivity and 97 % thermal 

emissivity, verified under direct sunlight. The coatings are applied in practical scenarios, 

showcasing a notable reduction 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 research bridges multiple domains, from theoretical modeling to practical 

application, using multiphysics simulations to advance the field of optical nanocomposites. The 

integrated approach for RI prediction and property optimization across various projects 

emphasizes the cross-disciplinary utility of the FEA methodology. It significantly impacts material 

science, offering scalable solutions for real-world problems in laser ultrasound transducers and 

passive cooling coatings. The production of 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 

Composites have been used for thousands of years since concrete was used in the building 

in the Roman period [1]. Composites have benefits combining the advantages of each consisted 

material. In recent decades, various composites have been used in research and industry [2ï16]. 

The most classic example is carbon fiber reinforced polymer (CFRP) composite, which is used in 

mechanical components and equipment (such as pressure vessels, airplanes, supercars, and sports 

appliances) to reduce weight, reinforce strength, and improve the performance of the product [17ï

20]. On the other hand, as the nanocomposite fabrication technique matures to satisfy high-quality 

requirements, nanocomposites have been broadly used to replace traditional materials [21ï24]. For 

one example, inorganic nanoparticles have also been used to reinforce the refractive index (RI) 

and the thermomechanical stability of optical polymers [25ï36]. For another example, the nano-

carbon/polydimethylsiloxane (PDMS) composite was studied and developed as laser absorption 

layer material for the laser ultrasound transducer due to its high optical absorption (from the nano-

carbon materials) and high thermal expansion coefficient (from PDMS) [12,37,38]. As the 

applications continue to grow, there is a noticeable surge in the need for high-accuracy 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 laminar structures [39,40]. 

Additionally, they have constructed the Effective Medium Approximation (EMA) theory to 

forecast the electrical and optical properties of nanocomposites [39ï43]. Subject to specific scale 
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conditions and assumptions, these models forecast material properties with minimal error, 

providing valuable assistance to researchers in advancing composite materials [44,45]. 

Nevertheless, these classical models face challenges in effectively predicting properties when 

confronted with multiscale and multiphysics problems [44,46].  In instances where the dimensions 

of embedded particles 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 to the morphological characteristics (i.e., size and shape) of the particles 

and the dispersion conditions [25,26,29ï35,43,47]. 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) approach to predict the 

multiphysics behaviors of composite systems integrating multiscale components [48]. In general, 

the FEA simulation could help reduce the product development cycles, decrease the cost of 

materials, and even monitor the conditions that the experiments could not reach in both research 

and industry. FEA is built on a physics-based model with relatively small solving space (meshing 

grids). Hence, it can compute physical equations in a relatively small area. When the meshing is 

small enough, FEA can consider the materials different in a complex material system such as 

nanocomposites, and get approximate solutions for the problems with high accuracy. In practical, 

however, both multiphysic and multiscale problems are also challenging for FEA simulation. More 

specifically, the multiphysic problem needs comprehensive understanding and sophisticated model 

tuning to ensure the model settings are reasonable for all physics used in the models. The 

multiscale problem, such as small feature or wavelength limitation in a large model (over 100 
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times), will lead to meshing scale and quantity problems, which makes the computation impossible 

[49]. Some methods were proposed by the author to solve this problem: hierarchical ports 

connection, and physical-based effective properties estimation [37]. By sophisticated model 

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 from the desired output to choosing material properties and structuring 

layout design. However, some underlying principles in practice are unclear when researchers 

design the nanocomposite [37,44,45]. Hence, the design is sometimes non-comprehensive and 

even blind. Fortunately, the simulationsô merits make the data acquirement easy, which does not 

need long period to achieve a large amount of experiment data. Then, statistical design and 

machine learning can help research inverse design when it is possible to have simulation data 

deposition [50,51]. These methods can further build a statistical model to analyze the underlying 

relation between each property and the expected output. Inversely, the statistical or machine 

learning models can direct the choice of material and structure design [51ï53]. As the model 

becomes reliable after several rounds of training, the researcher can eliminate the limitation of the 

computation ability and use this kind of model for different scale models, which could induce 

computation problems in FEA simulation. Moreover, the trained model may also give novel 

solutions for the composite design that have not been included in the training dataset [52].  

 

1.2 Research Objective 

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 the investigation of 
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nanoparticles morphology and distribution effects on the effective refractive index; b) design of 

novel high temperature and high frequency laser ultrasound transducer materials; and c) design of 

energy-saving passive radiation cooling material. The three objectives were: 

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). The example was optical polymer nanocomposites. The FEA-based model 

revealed the intrinsic effects of the distribution and morphology of nanoparticles on the 

effective optical properties (i.e., refractive index). Further, a similar approach was used 

to predict optical absorption coefficients, Youngôs modules, Poissonôs ratio, and 

thermal conductivity of nanocomposites.  

b) To build multiphysics and multiscale FEA models to predict the acoustic performance 

of novel nanocomposite laser ultrasound transducer (LUT). The parametric study based 

on the FEA models allowed the discovery of novel LUT material designs for higher 

device performance, such as higher negative pressure and high temperature 

environment application. The designed composite material was verified by device 

testing. 

c) To build multiphysics and multiscale models to predict the optical and thermal 

characteristics of a microscale topographical coating film, which was fabricated by a 

scalable roll-to-roll method. A multifunctional passive radiative cooling (PRC) coating 

was achieved by optimizing the optical properties (i.e., reflectance and absorptance) 

and the interfacial characteristics (i.e., superhydrophobic). The PRC coating achieved 

sub-ambient cooling effects.  
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1.3 Research Planning 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 refractive index (RI) using the physical 

relationship between spectral reflection and RI. The FEA-based model allowed the investigation 

of the effect of the nanoparticle morphology and distribution. Optical absorption coefficients, 

Youngôs modules, Poissonôs ratio, and thermal conductivity of nanocomposites were also 

calculated using a similar approach. 

In Chapter 3, the dissertation consists of the nanocomposite laser ultrasound transducersô 

(LUT) design, optimization, and fabrication. The LUT design encompasses a multiphysics 

approach, incorporating optics, heat transfer, solid mechanics, and acoustic physics. A 

multiphysics and multiscale FEA LUT model was constructed to predict 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 and nanocomposite designs for the LUTs.  

Moreover, the statistical analysis was conducted based on the dataset generated by the FEA model. 

The analysis results directed the development of a new generation of polyimide nanocomposite 

high-frequency and high-temperature 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 mid-infrared were investigated by multiphysics simulations and the 

backscattering scattering theory. Furthermore, the thermal performance of the designed material 

was demonstrated by simulation. A novel roller process achieved the optimized microscale 

topographical surface, where the viscoelastic polymer composites spontaneously form the 
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microscale 3D textures due to the roll shear-induced interfacial instability. The sub-ambient 

cooling effects of the films were demonstrated by the field tests, including the cooling power test 

and the 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, and the perspective on the future work is 

provided. Figure 1.1 shows the milestones of this dissertation. 

 
Figure 1.1. Doctoral research tasks. 
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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 sensors [2,54], anti-reflection films [3], lenses [9], and polarizers [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 

their functional counterparts [55ï57]. 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 polymers [56,58ï64]. For those reasons, reinforcing 

the deficient physical properties has been a significant effort in photonics and optics research with 

polymers [54,65ï70]. 

Moieties with high molecular polarizability, such as chalcogenide [27,36,71], phosphorus 

[72,73], halogen-element [74], and organometal [28,75ï77], were incorporated into the polymers 

to adjust the RI. For example, the RI of poly(sulfur-random-1,3-diisopropenylbenzene) (poly(S-r-

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 50 % to 70 % [36]. Olshavsky et al. synthesized a series of 

polyphosphazene with organic side groups containing halogen-elements (Br or I) to tune the RI 

ranging from 1.60 to 1.75 at the wavelength of 550 nm [72]. An organometallic hyperbranched 

polydiyne, poly[tris(4-ethynylphenyl)-amine](Co) (hb-PTEPA(Co)), showed the refractive index 

as high as 1.813 ï 1.713 at the wavelength of 600 to 1700 nm [75]. However, modifying a polymer 

chemical structure by substituting it with high polarizability moieties often deteriorates the 

structural stability. It thus results in the lower glass transition temperature (Tg) and the mechanical 

modulus [27,28,36]. For instance, although the RI of poly(S-r-DIB) can be increased due to 
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changing the sulfur content from 50 wt% to 70 wt%, Youngôs modulus decreases from 1.21 Ñ 0.28 

GPa to 0.43 ± 0.08 GPa,  the tensile strength lowers from 10.1 ± 2.11 MPa to 2.33 ± 0.15 MPa, 

and the Tg also reduces from 36.5 to 9.9 oC [36].  

Inorganic nanoparticles have also been used to reinforce the RI and the thermomechanical 

stability of optical polymers, while the polymer matrix provides the structural integrity necessary 

for good processability [25,26,29ï35]. For example, Islam et al. achieved a simultaneous increase 

of the RI and the Tg of poly(S-r-DIB) from 1.67 to 1.78 (6.58 %) and from 9.6 oC to 31.4 oC, 

respectively, by adding 20 wt% ZnS nanoparticles without an optical transmission loss in the mid-

wavelength infrared (MWIR) regime (3 ï 5 ɛm) [35,78]. In addition, Camenzind et al. obtained a 

Youngôs modulus increasing of polydimethylsiloxane (PDMS) from 0.8 MPa to 2.8 MPa by 

adding 15 vol% silica nanoparticles [79].  

Table 2.1. EMA model summary. 

EMA model Formula 

MGT ὲ ὲ ρ
ςὪὲ ὲ

ςὲ ὲ Ὢὲ ὲ
 

Bruggeman ρ Ὢ
ὲ ὲ 

ὲ ςὲ 
Ὢ
ὲ ὲ 

ὲ ςὲ 
π 

Lorenz-Lorentz 
ὲ ρ

ὲ ς
ρ Ὢ

ὲ ρ

ὲ ς
Ὢ
ὲ ρ

ὲ ς
 

Drude ὲ ρ Ὢὲ Ὢὲ 

Parallel ὲ 
 ρ Ὢὲ Ὢὲ  

 

Effective medium approximations (EMAs) are the most used design principles of optical 

nanocomposites. The representative EMA models, such as the Maxwell-Garnett theory (MGT), 

Lorenz-Lorentz (L-L), Bruggeman, Parallel, and Drude models, are summarized in Table 2.1. The 

Lorenz-Lorentz, Maxwell-Garnett, and Bruggeman equations were used to predict the permittivity 
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of polymer composites [40,80ï83]. The general equation for the Lorenz-Lorentz, Maxwell-Garnett, 

and Bruggeman effective medium expression is: 

‐ ‐

‐ ς‐
Ὢ
‐ ‐

‐ ς‐
Ὢ
‐ ‐

‐ ς‐
 2-1 

where Ů, Ůh, Ůa, Ůb, fa, and fb are the effective permittivity of composite, the permittivity of a host 

medium, permittivity of pure phases of a and b, and the volume fraction of the phases a and b, 

respectively [80]. If the host material is empty space (Ůh = 1), the composite consists of only phases 

a and b. Equation 2-1 reduces to the Lorenz-Lorentz expression (Equation 2-2). If heterogeneous 

materials (e.g. nanoparticle composite), whose size is smaller than the wavelength of interest but 

large enough to have their own dielectric identity, embedded in the host material (phase a = 

nanoparticle; phase b = hosting material, Ůh = Ůb), Equation 2-1 yields the Maxwell-Garnett 

equation as Equation 2-3. However, for the MGT model if fa > fb, a more appropriate choice for 

hosting material would be phase a. This ambiguity over the host material was resolved by 

Bruggeman by assuming the inclusions are embedded in the effective medium (Ůh = Ů) [84]. The 

Bruggeman effective medium expression is shown in Equation 2-4. It is worth noticing that the 

Bruggeman model does not estimate the permittivity well when the particle volume fraction is low. 

The discrepancy will be apparent when fv goes to 10 vol% and be dramatical when fv goes to 30 

vol%. 
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Figure 2.1. Effective medium theory schematic 
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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 arranged in a serial and parallel manner. 

Wiener bounds can be expressed as: ‐ 
Ȣ Ὢ‐Ȣ Ὢ‐Ȣ (Parallel model) and  .  

Drude model, which is designed for metal material, always exceeds the upper limit value 

defined by the parallel model: 

‐ Ὢ‐ Ὢ‐ 2-5 

 From the relation between RI and dielectric constant, we know that: 

ὲ ‘‐
 

 
 2-6 

 where ‘ is permeability and ‐ is permittivity. But almost all naturally occurring materials are non-

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

relation between permittivity Ů and RI n.  



 

11 

 

ὲ Ѝ‐ 
 
 2-7 

 The permittivity, Ů, in the formulas of EMA RI models can be replaced by RI, n.  For all the 

following formulas ὲ: effective RI; ὲ: RI; Ὢ: volume fraction of nanoparticle; i =1: nanoparticle, 

2: polymer matrix).  

MGT model is shown as Equation 2-8. In general, due to assuming the particles are spatially 

separated and particle interaction is neglected, the MGT model is expected to be correct at a low 

volume fraction fv. Especially when there is a resonant between particles, such as the MGT model 

is correct only at volume fraction fv <10-5 when plasmon resonance appears [85].  

ὲ ὲ ρ
σὪὲ ὲ

ςὲ ὲ Ὢὲ ὲ
 2-8 

Lorenz-Lorentz formula Equation 2-9 was proposed based on the assuming that RI is only 

related to the density of the material. When this model was created, it only focused on a single 

particle, so it did not consider the intersection between particles.  

ὲ ρ

ὲ ς
ρ Ὢ

ὲ ρ

ὲ ς
Ὢ
ὲ ρ

ὲ ς
 2-9 

 Bruggeman model: 

ρ Ὢ
ὲ ὲ

ὲ ςὲ
Ὢ
ὲ ὲ

ὲ ςὲ
π 2-10 

Drude model is designed for metal material: 

ὲ ρ Ὢὲ Ὢὲ 2-11 

 The Parallel model formula (Equation 2-12) is based on a simple two parallel planar plate. 

Derive the RI from average light velocity. It is not designed for particle composite at all and does 

not consider the physical phenomenon that will appear on particles.  

ὲ ρ Ὢὲ Ὢὲ  2-12 
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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 prediction [39ï43]. Further, choosing an EMA model for a specific 

composite material system is often arbitrary [43]. Therefore, the best-fitting 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 physics-based equations interrelating the system responses and stimuli. In this study, we 

demonstrate a proof-of-concept to predict the RI of nanocomposites from the Fabry-Pérot (F-P) 

resonance behavior simulated by the finite element analysis (FEA) based on Maxwellôs Equations. 

The effective RI of the nanocomposite can be calculated using the F-P resonance wavelength and 

the composite film thickness [87]. Since the FEA and effective RI calculation are based on physical 

principles, the derived RI is expected to be more reliable than the EMA 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 three-fold: firstly, to create a physics-based FEA model to 

predict the effective RI of nanocomposites, followed by the validation using data reported in the 

literature; secondly, to fabricate and characterize the MWIR optical nanocomposites with the FEA-

based material design-guideline; finally, to elucidate the effect of the nanoparticle morphology and 

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

 

 



 

13 

 

2.2 Models and Method 

2.2.1 Fabry-Pérot (F -P) interference. 

FabryïPérot interferometer (also called FabryïPérot resonator) was introduced by Charles 

Fabry and Alfred Pérot in 1899 [88]. The schematic of the FabryïPérot interferometer is an optical 

Stand-wave resonator. A FabryïPérot interferometer consists of two planar mirrors, shown in 

Figure 2.1. In practical, these two mirrors can be two inter-surfaces of two materials that have 

different optical constants (especially RI). When a beam of light incident into the resonator cavity. 

A part of the light will be reflected on the first mirrorôs surface. Another part of the light will be 

reflected in the cavity many times or just go through. Finally, these beams of light will have 

different optical lengths which leads to 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 fringeôs peaksô wavelength can be calculated by the formula:  

ɚ=2ndcosɗ/m 2-13 

 where ɚ is the peakôs location in wavelength, n is the RI of the media, d is the thickness, ɗ is the 

incident angle of light, and m is the peakôs order number.  

Also, researchers can use frequency (f) or wavenumber (ɤ) to calculate the peaksô location, 

which is more convenient. When we use frequency (f) or wavenumber (ɤ), the distance between 

two neighbor peaks (ȹɤ) is constant :  

ɤ = m/2ndcosɗ or f= m/2ndcosɗ 2-14 

ȹɤ = 1/2ndcosɗ 2-15 

When the incident angle set is 0, the formulas can be simplified as: 

ɚ=2nd/m 2-16 

ɤ = m/2nd 2-17 
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Figure 2.2. F-P cavity schematic and film sample F-P schematic 

 

2.2.2 Finite Element Analysis Model 

The dips in the reflection spectrum (R) appear at the Fabry-Pérot (F-P) interference resonance 

wavelengths ɚm of the nanocomposite cavity bounded by two closed boundaries as illustrated in 

Figure 2.3, and the effective refractive index (RI) can be described as: 

ὲ ά‗ȾςὸÃÏÓ— 2-18 

where n, t, ɗ, and m are the effective RI, the thickness of the nanocomposite cavity, the incidence 

angle, and the integer indicates the order of the interference fringe, respectively [88ï93]. The 

multiple air, Au, and nanocomposite layers were modeled with COMSOL Multiphysics using the 

Wave Optics Module [94]. The incidence angle ɗ was normal to the top surface in the FEA (ɗ = 

0).   
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Figure 2.3. 2-dimensional (2D) FEA-based simulation model for the optical cavity made from 

the nanocomposite. Nanoparticles are assumed to be evenly dispersed in the polymer matrix.  

 

The wave equations for COMSOL optical modules are: 

ᶯ ᶯ ╔ Ὧ‐╔  2-19 

╔ὼȟώȟᾀ ╔ὼȟώὩ  2-20 

where k0 is the free space wave number, E is the electric field, Ůr is the permittivity, and kz is the 

out-of-plane wave number. 

The procedure used to calculate RI from COMSOL reflectance results is shown in Figure 

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) Use Equation (2-18) to calculate the effective RI n.  
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Figure 2.4. Effective RI calculation procedure from the simulated reflectance spectrum. 

 

Due to the intensive computational cost of 3-dimensional (3D) model analysis, the feasibility 

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

BaTiO3 nanoparticle ï poly(methyl methacrylate) (PMMA) composites were used in 3D and 2D 

models. The equivalence comparison simulations based on 8 vol% BaTiO3/PMMA were 

performed using 2D and 3D models. The BaTiO3 particleôs RI is 2.4, and the diameter is 21 nm. 

The PMMAôs RI is 1.49.  For both models, the air thickness is 500 nm, the Au layer is 50 nm, the 

composite layer thickness is 1 ɛm, and the nanoparticlesô diameter is 21 nm. The width of 2D and 

3D models are 62.5 nm and 38.5 nm, respectively.  
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Figure 2.5. Comparison of 3D and 2D models for 8 vol% BaTiO3/PMMA composite (a) 3D 

model, (b) 2D model, and (c) the overlay of the reflectance spectra from simulation.  

 

Table 2.2. 2D and 3D model comparison. 

3D model 2D model Error 

Resonance wavelength 

(µm)  
RIFEA 

Resonance wavelength 

(µm)  
RIFEA ȹɚ ȹn 

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 of the F-P resonance dips in the simulated reflection spectra using 3D and 2D 

models were compared, and the differences at the wavelengths of ȹɚ were negligible (ȹɚ  å 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 BaTiO3 particles and PMMA matrix, particle 

size, the content of particles, and the simulated reflection spectra of the 3D- and 2D-modeled 

BaTiO3ïPMMA composite cavity are provided in Figure 2.5 and Table 2.2). Following the 

feasibility test, 2D models were employed for all subsequent simulations. 
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The layer of Au placed on top of the nanocomposite 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 sharpness of F-P 

resonance. The sweep parameter simulations optimized the Au thickness for the closed boundary 

model. Au thickness from 1 nm to 100 nm was considered with a spacer layerôs RI of 1.67 and a 

thickness of 1 µm. The preliminary results are shown in Figure 2.6, Figure 2.7, and Table 2.3. The 

complex refractive indices of Au and air were taken from data from Ordal et al. [50] and Ciddor 

[51], respectively. The closed boundary at the bottom of the nanocomposite cavity system was set 

as a perfect electric conductor (PEC) equivalent to a perfect metal to achieve perfect reflection and 

no phase loss. Additionally, the periodic boundary condition was chosen at the vertical sides 

(parallel to the y-direction) of the unit cell, and x-polarized light (TM-polarized light) was incident 

along the normal direction (y-direction), as shown in Figure 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 conditions [95,96].  

 

Table 2.3. FEA-based RI (RIFEA) calculating result from reflectance spectra of changed top Au 

thickness closed boundary FP model, where t is the thickness of nanocomposite layer, ‗ is the 

incident light wavelength 

Au thickness (nm) t (µm)  ‗ (µm)  RIFEA 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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Figure 2.6. The Spectra of reflectance were obtained from a modified closed-boundary Fabry-

Perot (FP) model with varying top Au thickness. The incident wavelengths considered were (a) 

3.0 - 5.0 µm and (b) 3.36 - 3.39 µm. 

 

 

Figure 2.7. Reflectance colormap of changed top Au thickness closed boundary FP model. 

 

This FEA model has an intrinsic error attributed to the loss by the 50-nm Au layer on top of 

the cavity. To evaluate this error, a model was computed with the known input RI (RIIN) in the 

pure polymer cavity, and the FEA-derived RI (RIFEA) was compared with the true RIIN. The FEA 

simulations were performed with the polymer cavity thickness (1, 1.15, 3 µm) and various values 
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of input RIs ranging from 1.5 to 2 with a step of 0.05. The average percentage of errors (given by 

ὙὍ ὙὍ ὙὍϳ Ͻρππ Ϸ) were 2.27 % (order m = 1; standard deviation ů = 0.04 %) and 2.58 % 

(order m = 5; ů = 0.12 %), 1.99 % (order m = 1; ů = 0.04 %), and 0.78 % (order m = 3; ů = 0.04 %) 

for the cavity thicknesses of 1, 1.15, 3 µm, respectively (Figure 2.8). In our further study, the RIFEA 

obtained from the F-P simulation and Equation (2-18) were adjusted by using the average 

percentage errors depending on the thickness of the cavity and the order of F-P resonance. The 

error-corrected RI (RIc) is defined as 

2)
2)

ρ ÁÖÅÒÁÇÅ ÐÅÒÃÅÎÔÁÇÅ ÅÒÒÏÒÓ  2-21 
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Figure 2.8. Spectra of 50 nm top Au model with sweeping RIIN of nanocomposites (RIIN=1.5 - 2). 

(a) thickness t = 1 µm, resonances order m = 5. (b) thickness t = 1 µm, resonances order m = 1. (c) 

thickness t = 1.15 µm, resonances order m = 1. (d) thickness t = 3 µm, resonances order m = 4. (e) 

thickness t = 3 µm, resonances order m = 3. (f) thickness t = 3 µm, resonances order m = 2.  
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2.2.3 Material and fabrication 

Minimizing the nanoparticle scattering loss is desirable to accurately detect the change in 

the effective RI. Since the Rayleigh scattering is negligible when the nanoparticle diameter is 

smaller than ɚ/10 [95], the composite materials in this study are composed of nanoparticles with 

10 ï 15 nm size and characterized in the MWIR regime (ɚ = 3 ï 5 ɛm). The nanocomposite samples 

were fabricated with an organically modified chalcogenide (ORMOCHALC) polymer (poly(S-r-

DIB) due to its low absorption loss in the MWIR. The poly(S-r-DIB) (S 35 wt%, 1,3-DIB 65 wt%) 

was synthesized by the inverse vulcanization method [10,11,27,33,35,36,55,97]. The inverse-

vulcanization method was used to synthesize poly(S-r-DIB) (S 35 wt%, 1,3-DIB 65 wt%) as 

described in [27,33,36,55,97]. The elemental sulfur powder (All-Chemie Ltd) was melted in an 

oil-bath at 135oC. After the sulfur powder melts to a viscous red liquid, which signifies the opening 

of S8 ring structure [55], the crosslinking agent 1,3-diisopropenylbenze (DIB, TCI America) was 

added to the molten sulfur. Then, the mixture was homogeneously mixed by a magnetic stir bar at 

135oC for 10 min. Subsequently, the solution was moved to a vacuum oven to complete the 

polymerization reaction at 200oC for 3 h. Finally, the fully reacted solution was air-cooled, and 

dark-red poly(S-r-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 for stable dispersion in the poly(S-r-DIB) matrix [35,100,101]. Note that we used 

the commercial Si nanoparticles in a diameter of 15 nm (US Research Materials, USA), and the 

synthesized ZnS nanoparticles in an average diameter of 10 nm by the method shown in 

[35,102,103]. First, mix 180 mg ZnCl2, 15 mL oleylamine (OAm), and 15 mL trioctylphosphine 

(TOP) into a 100 mL flask. The solution was degassed in a vacuum at 100oC for 1 h, then heated 
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to 320oC. Next, 4 mL of the fresh anhydrous (NH4)2S OAm solution was injected into the flask. 

The temperature was maintained at 320oC for 3 min, and the solution was quickly cooled down by 

blowing compressed air. Isopropanol (IPA) was added to the solution, and centrifugation was 

performed at 6000 rpm for 5 min. For further purification, two cycles of centrifugation were 

repeated in hexane and IPA. The purified ZnS nanoparticles were dispersed in toluene (10 mg/mL). 

10 mL of oleic acid (OA) was added to 10 mL pristine ZnS toluene solution (10 mg/mL) in a 

capped vial. The solution was heated to 60 oC with 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 shown in Figure 2.9. First, the solid poly(S-r-DIB) 

was ground into powder and dissolved in 1,2-dichlorobenzene (1,2-DCB) solvent in a vial. The 

mixture was stirred by a magnetic stir-bar for 4 h at 120 oC in an oil bath to completely dissolve 

the poly(S-r-DIB) in 1,2-DCB. Then, the air-cooled solution was filtered by a 

polytetrafluoroethylene (PTFE) filter with 0.2 µm pore size. The Si and ZnS nanoparticles were 

dispersed in 1,2-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 poly(S-r-DIB) solution, followed by the 

sonication for an additional 2 h. The nanocomposite solution (the mixture of the nanoparticle 

solution and the poly(S-r-DIB) solution) was spin-coated on a Si wafer and cured in a vacuum 

oven at 80oC 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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Figure 2.9. The fabrication procedure of Si/poly(S-r-DIB) polymeric nanocomposite 

 

2.2.4 Characterization Methods 

2.2.4.1 Refractive index measurement by ellipsometer 

The complex refractive indices of the nanocomposites coated on single side polished  

(SSP) Si wafers were characterized using the infrared-variable angle spectroscopic ellipsometer 

(IR-VASE, Mark II, J. A. Woollam Co., shown in Figure 2.10). The overall characterizing 

procedure (Figure 2.11) includes complex ellipsometric ratio measuring (by ellipsometer device), 

sample layout modeling (in software), parameters fitting (in software), and result output (in 

software).  
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Figure 2.10. IR-VASE instrument, Mark II, J. A. Woollam Co. 

 

 

Figure 2.11. The ellipsometry refractive index measurement procedure. 
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The IR-VASE has the capability  of measuring the complex ellipsometric ratio ɟ = (rp / rs) as 

a function of wavelength ɚ and incident angles ʟ, where rp and rs are the complex Fresnel reflection 

coefficients for p-(parallel to the plane of incidence) and s-(perpendicular to the plane of incidence) 

polarized light, respectively [104]. The complex ellipsometric ratio ” can be also described in 

terms of the ellipsometric parameters Ɋ and ȹ below, 

” ÔÁÎɰὩ  2-22 

where tan(Ɋ) is the magnitude of the reflection ratio for p- and s-polarized light, and ȹ is the 

phase difference between the reflected p- and s-polarized light [60]. The instrument parameters 

setting is shown in Table 2.4. 

 
Figure 2.12. The schematic of reflection measurement by IR-VASE. 

 

The mathematical fitting software (WVASE32) was used to calculate the Ɋ and ȹ of 

multiple-layer samples consisting of the composite film layer, native SiO2 (1.59-nm thickness), 

and 1-mm thick Si substrate. The GenOsc formalism was selected as the dispersion equation of 

the fitting. The GenOsc formalism utilized oscillator equations considering Kramers-Kronig 
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consistent, which is different from the Cauchy model usually used in transparent samples whose 

oscillator equation is not Kramers-Kronig consistent [104ï106]. The nanocomposite layer was 

modeled as a general oscillating layer with an estimated complex refractive index (ὲ ὭϽὯ). The 

best-fitting complex refractive index (ὲ ὭϽὯ), which minimizes the mean square errors (MSE) 

between the calculated and the measured Ɋ and ȹ, was obtained through the iterative non-linear 

regression method. The measurement was conducted in the wavelength range from 1.7 ɛm to 30 

ɛm using a DTGS detector for the incident angle of 55o, 60o, and 65o. 

Table 2.4. Instrument parameters setting of IR-VASE testing  

Parameters Value 

Spectral resolution 16 cm
-1

 

Spectra/revolution 15 

Scans/spectrum 30 

Bandwidth 0.02 ɛm 

Minimum intensity ratio 5 

Measurement cycle 1 

Sample type Isotropic 

Input Polarizer Zone average 

Rotating compensator analyzer Zone average 

 

2.2.4.2 Scanning electron microscopy 

The nanoparticles distribution was observed by scanning electron microscopy (SEM, FEI Verios 

460L). The SEM beam conditions were 10kV, 0.8-1.6 nA, 0V bias, and TLD detector with SE 

mode. 
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2.3 Results and Discussion 

2.3.1 Model validation  

The approach using the FEA-based F-P interference model was validated by reproducing the 

experimentally measured RIs of nanocomposites reported in literature, including BaTiO3/PMMA 

[107], TiO2/PMMA [108], ZnO/PMMA [109], Nb2O5/Cyclomer-P ACA250 (Daicel Chemical, 

Japan) [110], and SiO2/Cyclomer-P ACA250 [110]. The predicted RI values by the FEA-based F-

P interference model were also compared to the traditional EMA models, such as MGT, L-L, 

Parallel, and Drude models. The input parameters of the FEA models, including the RIs of matrix 

and particle, the size of the particle, and volume fraction, were taken from the literature [107ï110], 

shown in Table 2.5. The particles are assumed to be dispersed by an equal distance in the matrix 

polymer in the 2D FEA model. Since the prism coupling method was used in the references [107ï

110] to measure the RI at the wavelength of 633 nm, the thickness of the nanocomposite layer t in 

the FEA model was set as 1 µm to obtain the resonance dips at wavelength ~633 nm. The effective 

RIs of the nanocomposites are calculated by using Equation (2-18) based on the resonance 

wavelength ɚm, the nanocomposite layer thickness t, and the fringe order number m. The resonance 

wavelengths in the reflection spectra of the nanocomposites are found in Figure 2.13. The average 

percentage error of 2.58 %, corresponding to an error of the 1-µm cavity model at the 5th order 

resonance, was used to correct the FEA-derived RI, i.e., the error-corrected RI as shown in 

Equation (2-21). Figure 2.14 and Table 2.5 for the nanocomposites we considered (i.e., 

BaTiO3/PMMA, TiO2/PMMA, ZnO/PMMA, Nb2O5/Cyclomer-P ACA250, and SiO2/Cyclomer-P 

ACA250) illustrate the comparison between the corrected-RIs (RIc) and the measurement data 

reported in the references [61-64]. The trend of RIc agrees well with the measurement data. The 

maximum discrepancy for  BaTiO3 (excluding the outliers at 36 and 52 vol %), TiO2, ZnO, Nb2O5, 
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and SiO2 nanocomposites were 1.05 %, 0.16 %, 1.02 %, 0.48 %, and 0.22 %, respectively (Table 

2.5), which is probably due to the non-uniform dispersion and size distribution of the nanoparticles 

that will be discussed in the following. 

 

Table 2.5. Summary of the measured RIs in the references (RIref), FEA-derived RIs (RIFEA), 

error-corrected RIs (RIc), and the errors between RIc and RIref for the nanocomposites consisting 

of BaTiO3/PMMA, TiO2/PMMA, ZnO/PMMA, Nb2O5/Cyclomer-P ACA250, and 

SiO2/Cyclomer-P ACA250.  

 

Material  Particle fV RIFEA RI c RI ref Error  

BaTiO3 (n = 2.4, d = 21 nm) / PMMA (n 

= 1.49) [107] 

8 % 1.588 1.548 1.550 0.16 % 

13 % 1.625 1.584 1.580 0.26 % 

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 % 

TiO2 (n = 2.76, d = 19 nm) / PMMA (n = 

1.49) [108] 

0.6 % 1.526 1.488 1.490 0.16 % 

1.4 % 1.533 1.495 1.496 0.09 % 

3 % 1.545 1.506 1.507 0.06 % 

ZnO (n = 2.02, d = 10 nm) / PMMA (n = 

1.49) [109] 

1.3 % 1.531 1.492 1.492 0.02 % 

2.4 % 1.536 1.497 1.496 0.06 % 

4.7 % 1.547 1.508 1.504 0.30 % 

7.8 % 1.562 1.522 1.507 1.02 % 

Nb2O5 (n = 2.32, d = 15 nm) /Cyclomer-P 

(n = 1.51) [110] 

7 % 1.595 1.555 1.550 0.32 % 

18.5 % 1.675 1.633 1.625 0.48 % 

SiO2 (n = 1.46, d = 15 nm) /Cyclomer-P 

(n = 1.51) [110] 

4 % 1.545 1.506 1.505 0.08 % 

14 % 1.540 1.502 1.504 0.16 % 

28 % 1.531 1.492 1.489 0.22 % 

48 % 1.519 1.481 1.480 0.05 % 
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Figure 2.13. Reflectance spectra of comparison of the FEA-based RI prediction by the COMSOL 

model for F-P interferometry with the reference data (a) BaTiO3/PMMA. (c) TiO2 / PMMA. (d) 

ZnO/PMMA composite. (b) Nb2O5/Cyclomer-P. (e) SiO2/Cyclomer-P. 
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Figure 2.14. Comparison of the FEA-based prediction with the reference measurement data 

[107ï110] and the traditional EMA models (Maxwell-Garnett theory (MGT), Lorenz-Lorentz 

(L-L), Parallel, and Drude) of various nanocomposite systems consisting of (a) BaTiO3/PMMA, 

(b) TiO2 / PMMA, (c) ZnO / PMMA, (d) Nb2O5/Cyclomer-P, and (e) SiO2/Cyclomer-P. 

 

2.3.2 Composite characterization and property prediction  

Nanocomposites for MWIR optical devices are designed based on an ORMOCHALC poly(S-r-

DIB) polymer. The SEM images (top view) of the Si/poly(S-r-DIB) composites (Si volume 

fraction: 4.6, 7.0, and 10 vol%) and the ZnS/poly(S-r-DIB) composites (ZnS volume fraction: 0.97, 

3.02, 4.10 vol%) show uniform dispersion of particles (Figure 2.15 (a-f)). The complex refractive 

index (ὲ ὭϽὯ) was measured in the wavelength range of 2ï6 ɛm by using the IR-VASE (Figure 

2.16). Due to the low extinction coefficient of the nanocomposites k at ~ 4 ɛm, the nanocomposite 

thickness t in the FEA model was designed to be 1.15 ɛm, resulting in the F-P resonance at ~ 4 

ɛm. The RIs of poly(S-r-DIB), Si, and ZnS used in the FEA simulation are fixed at 1.67, 3.4, and 

2.3, respectively, according to their RI data at 4 ɛm [10,111]. The corresponding F-P reflection 
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spectra are shown in Figure 2.17.  The average error of 1.99 %, which corresponds to the error of 

the 1.15-µm cavity model at the 1st order F-P resonance, was used to correct the FEA-derived RI 

using Equation (2-21). The RIc matches well with the IR-VASE measurements as summarized in 

Table 2.6 and shows comparable or better accuracy than the traditional EMA models (Figure 

2.15(g-h)). The discrepancy between the predictions and the measurement of ZnS/poly(S-r-DIB) 

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(S-r-DIB), the ZnS/poly(S-r-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 distribution was shown in the 

section 3.3.2). Note nanoparticles in FEA-models are evenly distributed with uniform morphology, 

and the traditional EMA models are only associated with the properties of constituent materials 

(real and imaginary parts of the 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 measured RIs enabled using the FEA-based method.    

 

Table 2.6. ORMOCHALC nanocomposites with the ellipsometry-measured RI (RIEM), FEA-

derived RI (RIFEA), error-corrected RI (RIc), and the error between RIc and RIEM. 

Particle Particle fV RIEM  RIFEA RI c Error  

Si 

4.66 % 1.722 1.754 1.720 0.14 % 

7.24 % 1.751 1.783 1.748 0.17 % 

10.19 % 1.778 1.817 1.782 0.21 % 

ZnS 

0.97 % 1.679 1.708 1.675 0.25 % 

3.02 % 1.701 1.720 1.686 0.91 % 

4.10 % 1.712 1.724 1.691 1.27 % 
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Figure 2.15. The surface SEM images (top view) of ORMOCHALC nanocomposites samples. 

(a-c) Si/poly(S-r-DIB) with 4.6, 7, and 10 vol% nanoparticles. (d-f) ZnS/poly(S-r-DIB) with 

0.97, 3.02, and 4.10 vol% nanoparticles. (g-h) RIc (labeled as FEA), RI calculated using the 

traditional EMA models, and the IR-VASE measured RI as a function of Si and ZnS particle 

volume fractions. 
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Figure 2.16. ORMOCHALC nanocomposites IR-Vase measurement results. (a) Si/poly(S-r-

DIB). (b) ZnS/poly(S-r-DIB).   
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Figure 2.17. ORMOCHALC nanocomposites RI simulation reflectance spectra. (a) Si/poly(S-r-

DIB). (b) ZnS/poly(S-r-DIB).   

 

2.4 Effects of composite fabrication uncertainties 

2.4.1 Theoretical demonstration of scattering effect on the refractive index   

 

Figure 2.18. Infinitely wide pure material laminar scattering analysis. 

 

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

been discussed previously [112]. In Figure 2.18, a plane wave incident on an infinitely wide 
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laminar of pure transparent material with a scattering coefficient Ŭs. The thickness t is small 

compared to the wavelength ɚ. The diminished light intensity traveled through the thickness t is: 

Ὅ ὍὩ  2-23 

ὨὍ ‌ὍὩ Ὠὸ 2-24 

where I0 is the incident light intensity. For calculation convenience, Ὡ  was estimated as 1 when 

t is small. The total scattering loss intensity Is and intensity scattered by a single atom I1 are: 

ὨὍ ὨὍ‌ὍὨὸ 2-25 

Ὅ ‌Ὅ Ὠὸ ‌Ὅὸ ‌Ὁὸ 2-26 

Ὅ
‌Ὅὸ

ὓὸ

‌

ὓ
Ὅ

‌

ὓ
Ὁ  2-27 

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

atom E1 can be defined as: 

Ὁ Ὅ Ὁ
‌

ὓ
 2-28 

Due to the light is scattered by atoms which is smaller than nanoscale, the total scattered 

amplitude Ὁ for small thickness t is [112]: 

Ὁ ὓὸ
‌

ὓ
 Ὁ ὸ‌ὓὉ 2-29 

The incident light is assumed to be a unit wave amplitude. After the light passes the medium, 

the light propagation can be represented by Ὁ Ὡ  (k is the direction vector). For any point P 

(shown in Figure 2.18), the total complex amplitude will be the original wave (E) plus a small 

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

be obtained by integrating:  
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Ὁ  Ὁ Ὡ  ὸ‌ὓ Ὡ  
ς“ὶὨὶ

Ὑ
 2-30 

where R is inserted due to inverse-square law, and 2ˊrdr is the area integral. Since Ὑ Ὑ ὶ  

in Figure 2.18, there is a relation ὶ Ὠὶ Ὑ ὨὙ. The integrating can be written as: 

ς“

Ὑ
Ὡ  ὶὨὶς“ Ὡ  ὨὙ

ς“

ὭὯ
Ὡ  

‗

Ὥ
Ὡ   2-31 

So, we have: 

Ὁ  Ὁ Ὡ  ὸ‌ὓ Ὡ  Ὡ  ὸ‌ὓ Ὥ‗Ὡ Ὡ ρ

Ὥ‗ ὸ‌ὓ    

2-32 

ρ Ὥ‗ ὸ‌ὓ will be recognized as the first two terms in the expansion of  Ὡ  :  

Ὁ   Ὁ ÅØÐὭὯὙÅØÐὭ‗ὸ‌ὓ ÅØÐὭὯὙ ‗ὸ‌ὓ  2-33 

Therefore, at point P, the light phase is shifted by ‗ὸ‌ὓ. Substituting the macroscope 

observation [112] with phase retardation, ς“‗Ⱦὲ ρὸ, when light goes through a lamina with 

thickness t and RI n, we can establish a relationship between the scattering effect and macroscope 

parameter RI. 

‗ὸ‌ὓ
ς“

‗ 
ὲ ρὸ 2-34 

ὲ ρ
‗

ς“
‌ὓ 2-35 

Equations (2-23)-(2-35) are for pure material and analysis at the atom-level. However, 

when the object is a particle/polymer composite, the total scattering loss intensity Is will be the 

sum of the intensity scattered by nanoparticle INP=ŬNPtI0,NP, and the intensity scattered by matrix 

atoms IMA=ŬMAtI0, where ŬNP and ŬMA are the scattering coefficient of the nanoparticles and matrix 
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polymer, and I0 and I0NP are the total incident light intensity for whole composite and the incident 

light intensity for nanoparticles. Therefore, Equation (2-35) can be rewritten as: 

Ὅ  Ὅ Ὅ ‌ ὸὍ ‌ ὸὍȟ
 ‌ ὸὉ ‌ ὸὉȟ

  2-36 

‌ ὔ„   2-37 

„ 
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‗
ὲ ὲ  2-38 

Here, E0 is the incident light amplitude, ENP is the incident light amplitude of nanoparticles. 

N is the nanoparticle concentration, ůNP is the scattering cross-section area (SCA) of cylinder 

nanoparticles, V is the single-particle volume, d is the nanoparticleôs diameter, and L is the particle 

length. TM-wave was used in the simulation; hence, the surface average electrical field at the x-

direction |Ex|avg in the particle was derived from simulation results as the incident light amplitude 

of nanoparticle (E0,NP =|Ex|avg = Ú|Ex|d(Particle area) / ×(Particle area) ). 

Due to the nanoparticles are in nanoscale, the scattered amplitude of nanoparticles Esô for 

small thickness t is [112]: 

Ὁ Ὁȟ
 ‌ ὸ 2-39 

 A similar analysis method was used as Equations (2-30)-(2-33). Then, for nanocomposite, 

the total complex amplitude can be obtained by: 

Ὁ Ὁ Ὁ ÅØÐὭὯὙÅØÐὭ‗ὸ‌ ὓ Ὥ‗Ὁȟ
 ‌ ὸȾὉ 

ÅØÐὭὯὙ ‗ὸ‌ ὓ ‗Ὁȟ
 ‌ ὸȾὉ  

2-40 

Therefore, at point P, the light phase is shifted by ‗ὸ‌ ὓ ‗Ὁȟ
 
Ѝ‌ ὸȾὉ .  For 

nanocomposite, a relationship between the scattering effect and macroscope parameter RI can be 

established: 
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As mentioned above, the increase in INP to total scattering intensity Is results in the increase 

of the effective RI. 

 

2.4.2 Nanoparticle size effect 

The effect of the size of nanoparticles on the compositeôs effective RI was investigated by the FEA 

model for the F-P interference in the composite cavity with embedded nanoparticles with diameters 

(d) of 24.8, 39.6, 50, 95.2, 128.4, 155.6, and 212 nm (Figure 2.19(a1-a8)). In addition, to 

understand the clustering effect, a particle-cluster model was proposed in Figure 2.19(a9), where 

39.6 nm particles constituted each particle-cluster, and the total volume is equal to the model 

consisting of solid 212-nm particles. The RIs of the 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%. The thickness of the composite cavity was 3 ɛm. The 

simulated reflectance spectra clearly show the F-P resonance dips corresponding to m = 4, 3, and 

2, as indicated in Figure 2.20(a-c). The average errors of 0.80 %, 0.78 %, and 0.77 %, 

corresponding to the error of the 3-ɛm cavity model at m = 4, 3, and 2, respectively, were used for 

the error-correction of FEA-derived RIs. As the diameter of the particle increases from 24.8 nm to 

212 nm, the RIc also increases from 1.687 to 1.719 (m = 2), from 1.687 to 1.719 (m = 3), and from 

1.687 to 1.721 (m = 4), which appear at ~5 ɛm, ~3.5 ɛm, and ~2.5 ɛm, respectively (Figure 2.19(b)). 

The particle-cluster model RIs are 1.694, 1.696, and 1.701 at the wavelengths of ~5 ɛm, ~3.5 ɛm, 

and ~2.5 ɛm, respectively, which are shown as the pink dash line in Figure 2.19(b). The RI  of the 
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39.6nm-particle-cluster model (effective diameter = 212 nm) is significantly lower than the RI of 

the solid 212-nm model (8) while being still higher than the well-dispersed 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: 

ὲ ρ ‌ ὓ    2-42 

where ‗ is the light wavelength, ‌  and ὓ are the scattering coefficient and the atomic 

concentration of the matrix, respectively, Ὅ  is the scattering loss intensity due to the 

nanoparticles, Ὅ is the intensity of the incidence light, and ὸ is the thickness of the composite 

cavity. The scattering loss intensity due to nanoparticles embedded in the composite cavity is: 

Ὅ ‌  ὸ Ὁȟ
 ὔ„  ὸ Ὁȟ

  2-43 

where Ὁȟ  is the electric field amplitude calculated by the surface average  electric field in the 

nanoparticles based on the FEA result, ὔ is the particle concentration, „  is the scattering cross-

section area, and ‌  is the scattering coefficient of nanoparticles. Of note, the 2D nanoparticle in 

the FEA is equivalent to the same diameter cylinder with the unit length ὒ. The scattering cross-

section area („ ) of cylinder nanoparticles can be calculated by the following Equation [113,114]: 

„ 
ψ“

σ

ὠ

‗
ὲ ὲ

“

φ

Ὠὒ

‗
ὲ ὲ  2-44 

where ὲ  and ὲ  are the RIs of nanoparticles and polymer matrix, respectively, Ὠ is the 

particle diameter, and ὒ is the cylinder length. The RIc for composites with different nanoparticle 

sizes are outlined in Table 2.7. As summarized in Table 2.7 and Figure 2.20(c), we found that the 

scattering loss intensity Ὅ
 
and the effective RI increases simultaneously when the nanoparticle 

size increases (Equation (2-42)-(2-44)). For the 39.6nm-particle-cluster model, the scattering loss 
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intensity Ὅ  is comparable to the solid 212-nm model if the cluster is assumed as a 212-nm solid 

particle (Table 2.7), but the effective RI calculated by the FEA model is significantly lower than 

the solid 212-nm model. This phenomenon demonstrates that the particle cluster cannot provide 

enough scattering intensity as solid particles, and the data point (9) in Figure 2.20(c) should shift 

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

 

Table 2.7. The effect of nanoparticle size (d) on the RI of composites: N is calculated using the 

fixed volume fraction at 19 vol%, E0,NP (electric field amplitude in the particle), ůNP (scattering 

cross-section area), ŬNP (the scattering coefficient of nanoparticles), INP (the scattering loss 

intensity due to the nanoparticles), and RIc.  

d (nm) N (ɛm-3)  ╔ȟ╝╟ (V/ɛm) ůNP /L2
 ŬNP / L2 (ɛm-3) I

NP 
/ L2 (V2/ɛm4) RI c 

24.8 19.67 1.23×10-1 6.58×10-6 1.29×10-4 5.88×10-6 1.687 

39.6 12.33 9.74×10-2 4.28×10-5 5.27×10-4 1.50×10-5 1.688 

50 9.67 8.82×10-2 1.09×10-4 1.05×10-3 2.45×10-5 1.690 

95.2 5.00 6.64×10-2 1.43×10-3 7.14×10-3 9.44×10-5 1.697 

128.4 3.67 5.68×10-2 4.73×10-3 1.73×10-2 1.68×10-4 1.702 

155.6 3.00 5.30×10-2 1.02×10-2 3.06×10-2 2.58×10-4 1.707 

212 2.00 4.96×10-2 3.51×10-2 7.03×10-2 5.18×10-4 1.719 
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Figure 2.19.  The FEA models for the F-P interference in the nanocomposite cavity varies based 

on the size of the embedded nanoparticles. (a) Electric field amplitude in the x-direction (Ex) at 

the F-P resonance order of 3 (m = 3) for embedded particles with a diameter of  (1) d = 0 (no 

particle), (2) d = 24.8 nm, (3) d = 39.6 nm, (4) d = 50 nm, (5) d = 95.2 nm, (6) d = 128.4 nm, (7) 

d = 155.6 nm, (8) d = 212 nm, (9) 39.6nm-particle-cluster, effective diameter = 212. (b) The 

effective RIc as a function of F-P resonance order (m) and the size of embedded nanoparticles in 

the nanocomposite cavity. The 39.6nm-particle-cluster model result is shown as a pink dashed 

line. (c) The effective RIc as a function of the scattering intensity due to the different 

nanoparticle sizes embedded in the nanocomposite cavity. 
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Figure 2.20. 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 order (m = 4), (b) the 3rd order (m = 3), 

and (d) the 2nd order (m = 2) of F-P resonances. 

 

2.4.3 Particle dispersion effect 

Various particle arrangements, e.g., (1) equal distance, (2) square, (3) random, (4) 

aggregated, (5) top-skewed, (6) middle-skewed, (7) bottom-skewed, and (8) top-bottom, were 

FEA-modeled to understand the effect of particle dispersion states on the effective RI of 

nanocomposites (Figure 2.21(a)). The diameter, RI, and volume fraction of the nanoparticles were 

39.6 nm, 3, and 19 vol%, respectively. The RI of the polymer matrix was 3, and the thickness of 
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the composite cavity (ὸ) was modeled to be 1 µm. The reflectance spectra at ~3.4 µm obtained 

from the FEA are shown in Figure 2.22. The obtained RIc from FEA and Equation (2-21) are 

summarized in Table 2.8. To correct the intrinsic FEA error, the average error, 2.27 %, 

corresponding to the 1-µm cavity model at ά = 1, was used in Equation (2-21). In general, the 

dispersion states with higher particle density within the mid-region in y-direction, where the 

electric field amplitude in x-direction is the highest, tend to increase the RI (e.g., (5) top-skewed, 

(6) middle-skewed, and (7) bottom-skewed) than the states with lower particle density in the mid-

region, such as (8), (Figure 2.21(a)). This tendency can be interpreted by the nanoparticle scattering 

loss: for a given volume fraction and morphology of particles, the total scattering loss by the 

nanoparticle Ὅ  increases as more nanoparticles are placed in a region of a strong electric field 

(Equation (2-43)), finally leading to the increase of RI (Equation (2-42)), as shown in Figure 

2.21(b). The scattering loss of nanoparticles Ὅ ὒϳ  was calculated by using the surface-average 

electric field amplitude Ὁȟ  in nanoparticle (Table 2.8). The scattering coefficient of 

nanoparticles ‌ ὒϳ  was fixed at 5.27×10-4 ɛm-3. In contrast, when the particles are scarce in the 

F-P resonance region, such as cases (4) and (8), both Ὅ ὒϳ  and effective RI tend to decrease. 

Moreover, to confirm this conclusion, a dielectric layer of finite thickness (enclosed by yellow 

dash-lines) with the same RI and volume fraction as the nanoparticles were placed at the top, 

middle, and bottom in Figure 2.21(a9 ï a11). The calculated RIs were 2.20, 1.819, and 1.77 for 

the middle, bottom, and top-located 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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Figure 2.21. Effect of nanoparticle arrangement. (a) Electric field amplitude in x-direction (Ex) at 

ά = 1, where ɚ is ~3.4 Õm). The red dashed lines indicate the Au layer at the top the 

nanocomposite cavity, and the yellow dashed lines in (a9)-(a11) indicate the dielectric layers. (b) 

The effective RIc as a function of the scattering loss intensity due to different nanoparticle 

arrangements. 
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Figure 2.22.  Simulation results of nanoparticle dispersion effect on 1st order F-P resonance 

spectra: (a) Wavelength 3.2 ï 5.0 µm. (b) Wavelength 3.2 ï 3.7 µm 

 

Table 2.8. Effect of dispersion state of nanoparticles in the composite cavity on the effective RI: 

E0,NP in the x-direction, scattering loss intensity INP, and RIc. 

Dispersion states ╔ȟ╝╟ (V/ɛm) INP / L2 (V2/ɛm4) RI c 

Equal Distance 2.83×10 -2 4.93×10 -6 1.682 

Square 2.83×10 -2 4.93×10 -6 1.677 

Random 2.95×10 -2 5.34×10 -6 1.687 

Aggregation 2.60×10 -2 4.15×10 -6 1.643 

Top-Skewed 3.10×10 -2 5.90×10 -6 1.721 

Middle-Skewed 3.42×10 -2 7.21×10 -6 1.745 

Bottom-Skewed 3.24×10 -2 6.47×10 -6 1.721 

Top-Bottom 2.54×10 -2 3.97×10 -6 1.638 
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2.4.4 Shape and orientation effect 

The particle shape and orientation effect on the composite RI 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 (refer to the y-axis): 0° and 45°. Rectangular 

elements have three rotation conditions: 0°, 45°, and 90°, as shown in Figure 2.23.  The particle 

volume fraction (19 %), material properties (polymer RI = 1.5, particle RI = 3), and the number of 

particles were kept consistent for all the models (N = 12.33 ɛm-3). The circle particle diameter was 

39.6 nm. The F-P reflection spectra for the composites with those nanoparticles are shown in 

Figure 2.24. The FEA error of 0.78 %, which corresponds to the error of the 3-µm cavity model at 

ά = 3, was used for the error-correction, and the resultant error-corrected RIs (RIc) are tabulated 

in Table 2.8. It was be found that the elongated particles in the x-direction (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 particlesô shape and orientation. When the nanoparticle size is small 

compared to the wavelength of incident light (~3.4 Õm), the particlesô scattering cross-section area 

and coefficients are independent of the particlesô shape and orientation [115]. This conclusion can 

also be verified by far-field scattering simulation results (Figure 2.25). Thus, the scattering cross-

section area of particles „  with different shape and orientation could be assumed the same as 

circular particle with d = 39.6 nm, and the scattering coefficient of nanoparticles, ‌ ὒϳ  was 

fixed at 5.27Ĭ10-4 ɛm-3. However, according to Equation (2-43), the scattering intensity loss Ὅ  

also relies on the incident electric field amplitudes Ὁȟ
 . The incident electric field amplitudes 

Ὁȟ
  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 effects [116]. The 
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scattering intensity loss by nanoparticle, Ὅ ὒϳ  was calculated by using the surface-average 

electric field amplitude Ὁȟ  in nanoparticles (Table 2.8). As the particle elongated in the x-

direction (light electric field oscillating direction), both Ὁȟ  and  Ὅ ὒϳ  increase, finally leading 

to the increase of RI (Figure 2.23(b)).  

 

Figure 2.23. Particle shape and orientation effect. (a) Electric field map in x-direction (Ex)  at the 

F-P resonance (m = 3) for different elements: (1) Circle, (2) Square, (3) Square 45o, (4) Rec 1:2, 

(5) Rec 1:2 45o, (6) Rec 1:2 90o, (7) Rec 1:3, (8) Rec 1:3 45o, (9) Rec 1:3 90o, (10) Rec 1:5, (11) 

Rec 1:5 45o, and (12) Rec 1:5 90o. (b) The effective RIc as a function of the scattering loss 

intensity due to different nanoparticle shapes and orientations. 
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Figure 2.24. Simulation results of shape effect on 3rd order F-P resonance. 

 

Table 2.9. Particle shape and orientation effect on the RI of composite: EMA and RIc. 

Model EMA (V/ɛm) I
NP 

/ L2 (V2/ɛm4) RI c 

Circle 0.097 1.500×10 -5 1.688 

Square 0.101 1.613×10 -5 1.699 

Square 45° 0.102 1.645×10 -5 1.705 

Rec 1:2 0.086 1.164×10 -5 1.664 

Rec 1:2 45° 0.107 1.810×10 -5 1.706 

Rec 1:2 90° 0.123 2.392×10 -5 1.744 

Rec 1:3 0.081 1.032×10 -5 1.655 

Rec 1:3 45° 0.109 1.878×10 -5 1.723 

Rec 1:3 90° 0.140 3.099×10 -5 1.795 

Rec 1:5 0.077 9.47×10 -6 1.647 

Rec 1:5 45° 0.116 2.127×10 -5 1.736 

Rec 1:5 90° 0.169 4.515×10 -5 1.886 

 



 

50 

 

 

Figure 2.25. Scattering far-field maps of different shape and orientation particles for 3.4 µm TM 

incident light: (a) Circle, (b) Square, (c) Rec 1:2, (d) Rec 1:3,  (e) Rec 1:5. 

 

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

nanoparticle scattering intensity can indicate the compositeôs effective RI shifting. In all models, 

higher scattering loss from nanoparticles causes higher effective RI.   
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2.5 Other measurement-inspired models 

2.5.1 The unit-model for CNF particle orientation conditions. 

To replicate the random distribution condition of carbon nanofibers (CNF), the average value 

from four particle orientation outcomes was employed. The four particle orientation angles were 

0ę, 45ę, 90ę and 135ę to the z-axis (Figure 2.26). 

 

 

Figure 2.26. Unit CNF/PDMS simulation model with different fiber angles for composite 

properties estimation. (a) 0o, (b) 45o, (c) 90o, (d) 135o to z-axis. 

 

2.5.2 Boundary conditions for effective properties simulation with the unit models.  

The unit models for composite effective properties estimation are shown in Figure 2.27. All the 

boundary condition setting descriptions refer to the surface name rules in Figure 2.27. 

 

Figure 2.27. The unit models for composite effective properties estimation. (a) Spherical particle 

and (b) cylindrical fiber-embedded composite materials. (c) Cut-plane for heat flux calculation.  
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2.5.2.1  Mechanical properties estimation model.  

For mechanics properties estimation, the boundary conditions (Figure 2.27) were set as follows: 

Surface ADHE: Prescribed Displacement, prescribed in the x-direction, u0x=0.  

Surface ABCD: Prescribed Displacement, prescribed in the y-direction, u0y=0.  

Surface ABFE: Prescribed Displacement, prescribed in the z-direction, u0z=0.  

Surface CDHG: Boundary load F in the z-direction. 

Other surfaces: free. 

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

FEA (Solid Mechanics modules) by applying axial force F in the z-direction. The Young's modulus 

E and Poisson's ratio ’ can be calculated by the equations: 

Ὁ 

Ὂ

Ὓ‐
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‐

‐

‐
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where S is the cross-section area normal to F.  

 

Figure 2.28. The mechanical properties simulation. Unit model for stress and deformation (scale 

10) map. The tension load is 100 kN/m2, the model pitch length is 72 nm, the particle diameter is 

40 nm, and the volume fraction is 9 vol%. 

 

2.5.2.2 Thermal conductivity estimation model. 

For the thermal conductivity K, the boundary conditions (Figure 2.27) were set as follows: 
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Surface CDHG: pre-set Temperature as 600 K 

Surface ABFE: pre-set Temperature as 300 K 

Other surfaces: periodical. 

Cut plane: Calculate the surface average heat flux in the z-direction, ʌ  (Figure 2.27(c)).  

 

Figure 2.29. The thermal conductivity simulation. Unit model for temperature map. The model 

pitch length is 72 nm, the particle diameter is 40 nm, and the volume fraction is 9 vol% 

For the calculation of the thermal conductivity K, the COMSOL Heat Transfer module was 

employed. The bottom and top surfaces were set to constant temperatures, and the surface average 

heat flux in the z-direction l  was measured on the horizontal plane (x-y plane) when the 

temperature was stable (Figure 2.27(c)). Periodic boundary conditions were used for the four 

vertical surfaces. The following equation can calculate the thermal conductivity K: 

ὑ
ˡὨ

ῳὝ
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2.5.2.3 Thermal expansion estimation model. 

For thermal expansion coefficient ‍, the boundary conditions (Figure 2.27) were set as follows: 

Heat Transfer boundary conditions: 

Surface CDHG: pre-set Temperature as 600 K 

Other surfaces: Thermal isolated 
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Solid Mechanics boundary conditions: 

Surface ADHE: Prescribed Displacement, prescribed in the x-direction, u0x=0.   

Surface ABCD: Prescribed Displacement, prescribed in the y-direction, u0y=0.   

Surface ABFE: Prescribed Displacement, prescribed in the z-direction, u0z=0.  

Other surfaces: free. 

 

Figure 2.30. 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 surface was set as the heat 

source with a constant temperature (600 K). The stationary simulation was used to observe the 

responses at stable conditions. The thermal expansion in i-direction ‍ can be calculated by the 

equation:  

‍ ‐ȾῳὝ Ὥ ὼȟώȟᾀ 2-48 

 

2.5.2.4 Light absorption estimation model.  

For the absorption coefficient ‌, the boundary conditions (Figure 2.27) were set as follows: 
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Surface CDHG: Port 1, light incident port, TM- and TE-wave are used separately. The 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 bottom (Figure 2.27). The vertical boundaries were set as 

periodical conditions. The absorptance A and the reflectance R were estimated at 532 nm by 

COMSOL Wave Optics. The absorption coefficient ‌ can be calculated by the equation: 

‌ ὰὲ ρ
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2.6 Summary 

In this paper, we studied the FEA-based 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 physical measurement of the 

samples [107ï110] showed that the average error of the RIc was 0.49 %. The causes of the 

discrepancy between the measurement and the theory-based RI 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 vol%. When particle size increases from 24.8 nm to 

212 nm, the effective RI of nanocomposite also increases from 1.687 to 1.719 due to the scattering 

loss. The relationship between the scattering loss and the effective RI 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 RI. The middle-

skewed dispersion (particles aggregated at the high E-field area) and top-bottom dispersion models 
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(particles aggregated at the low E-field area) had the highest and lowest RI as 1.745 and 1.638, 

respectively, for the study model composite. For particles of different shapes and orientations, the 

nanocomposite showed higher effective RI when particle elongation was along with electric field 

oscillation (x-direction). When the particleôs shape and orientation were AR 1:5 90Á (longest side 

along the x-direction) and AR 1:5 elements (shortest side along the x-direction), the nanocomposite 

had the largest RI and smallest RI 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 particles closer to the compositeôs reality, and mixed kinds of particles composites 

system properties characteristic which can be applied to multi-functional composite materials.   
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CHAPTER 3.  DESIGN OF LASER ULTRASOUND TRANSDUCERS 

3.1 Introduction  

High amplitude and broadband acoustic pulses are generally preferred for higher spatial 

resolution in ultrasound imaging and therapy [117ï124]. However, developing ultrasound 

transducers with high intensity and broad bandwidth has been a challenge. For example, the typical 

high-intensity focused ultrasound (HIFU) piezo-based transducers usually have a high operation 

voltage requirement > 100 V [125], and some histotripsy HIFU need a higher voltage > 400V [21ï

24] to obtain the required negative pressure. For most piezo-based imaging transducers, the -6dB 

fractional bandwidth is below 80 %, which cannot meet advanced imaging such as harmonic 

imaging and superharmonic imaging [126ï129].  

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 operation [4ï

8,12ï16]. The LUT utilizes the photoacoustic (PA) effect that converts absorbed photon energy to 

acoustic waves. Since the LUT uses a short-pulse laser with high-density energy in a short duration 

(3-10 ns), the acoustic waves are usually characterized by high frequency (100-101 MHz) and 

nanoseconds of pulse width [12,125,130,131]. 

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 such as high-power density, high 

frequency, broad bandwidth, and wireless device operation comparing with traditional 

piezoelectrical ultrasound transducers [4ï6,12ï16,49]. LUTs utilize a multiphysics photoacoustic 

effect to transform the photon energy into acoustic energy, which includes laser absorption, heat 

transfer, thermal expansion, and structure acoustic [37,44]. The laser absorption layer of LUT 
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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 

signals. In this process, the absorption layerôs larger thermal expansion coefficient and bulk 

modulus result in higher acoustic pressure [44,132].  

Currently, polydimethylsiloxane (PDMS) stands as the prevailing choice for the matrix 

material in the laser absorption composites, in conjunction with embedded light-absorbing 

particles, such as carbon nanotubes (CNT) and gold (Au), when constructing a LUT. This 

preference arises from PDMSôs high volume thermal expansion coefficient of 960Ĭ10-6/oC 

[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 the PA behaviors 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 responses. Previously, Huang et al. (2016) predicted the positive pressure 

output by a theoretical analysis within a 3 % error. However, the method showed limitations in 

predicting accurate waveform and negative pressure output [44]. More recently, Kwon et al. (2020) 

simulated the performance of carbon nanotube-coated polyethylene microspheres by the finite 

element analysis (FEA) method. Still there was a significant discrepancy in the predicted positive 

pressure (1 MPa) with the experimental measurement (2  104 Pa) [46].  

Regarding the PDMS LUT acoustic output frequency, it has been widely believed that the 

laser pulse duration is a primary factor [133]. For example, as a 5-ns 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 ï 15 MHz by using a 5 ï 8 ns laser 

[12,44,49,131,134,135]. In this situation, the LUTôs relative frequency ratio is low. Also, laser 

devices with short durations will be much more expensive than those with broader durations, which 

boosts the price of the high-frequency LUT. Hence, developing the next-generation material for 

high relative frequency ratio, harsh environments, and potential outdoor applications is essential. 

Unfortunately, there is no systematic theory or analysis for the LUTsô acoustic output in the 

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 direction [37,125,130]. This intrinsic drawback 

of low negative pressure limited the LUTôs application, which relies on the transducerôs negative 

pressure. 

Development of high-temperature operating ultrasound transducers (>400oC) is in high 

demand, especially in the automotive, aerospace, and energy industries, which perform in harsh 

environments [136]. The LUT should demonstrate excellent suitability for harsh and hazardous 

environments, such as the non-destructive testing (NDT) of critical components, equipment, and 

materials within the nuclear power industry. The merits of wireless, remote-operating, and 

flexibility  can significantly increase the transducerôs safety, reliability, and compatibility [38,125]. 

However, the PDMS LUT has low thermal stability (decomposed at 200 oC) [137], which limits 

its compatibility with higher-temperature 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 nanocomposites, such 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 LUT consisting of the laser window, nanocomposite, and elastomer was modeled 

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

wave propagation and natural focusing in the water media. This integrated approach was validated 

by comparing the simulations with the experimental measurements. The computational parametric 

study investigated the relationship between the LUT output characteristics and the composite 

material parameters, including the particle size and volume fraction. Based on the DoE analysis, 

the statistical relationship between the material properties and structure parameters (Youngôs 

modulus, Poissonôs ratio, thermal expansion coefficient, thermal conductivity, heat capacity, 

density, absorption coefficient, absorption layer thickness, and substrate thickness) with the final 

acoustic outputs (peak negative pressure, peak positive pressure, center frequency, -6dB 

bandwidth) was established. The statistical analysis showed that Youngôs modulus, absorption 

layer thickness, and absorption coefficient most significantly 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 a suitable substrate thickness and Youngôs 

modulus, where the negative pressure waveform is generated due to the phase change when the 

backward wave is reflected from the substrate-air interface. Based on these statistical results, the 

polyimide (Pyromellitic dianhydride and 2,2ô-Dim- ethyl-4,4ô-diaminobenzene (PMDA-DMDB)) 

was proposed as the candidate of the composite matrix for the next generation LUT devices with 

high frequency and thermal stability (> 450 oC). The simulation and the physical experiments 

showed that the polyimide-based transducer could achieve a higher central frequency, a broader -

6 dB bandwidth, and a higher negative pressure than the PDMS-based LUTs with the same 
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structure design. The TGA showed that the CNT/PMDA-DMDB nanocomposite started 

decomposing at 480 oC. 

 

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 models in [44,45].  In this study, FEA simulation 

(COMSOL Multiphysics 5.5) is used to understand the relationship between the composite design 

parameters and the effective physical properties [10,48,138ï142]. The composite design variables 

used in this study are the type and size of the carbon-based nanomaterials. The physical properties 

such as Young's modulus E, Poisson's ratio ’, thermal expansion coefficient ‍, thermal 

conductivity K, and absorption coefficient ‌ are derived from the FEA results. The model 

employed the unit cell model to reduce the computational burden (Figure 2.26). The 0-dimensional 

(0-D) spherical particle (Figure 2.26(a)) was used to represent the carbon black (CB) or the candle 

soot nanoparticle (CSNP), and the 1-dimensional (1-D) cylindrical particle (Figure 2.26(b-e)) was 

for the carbon nanofiber (CNF). To implement the random orientation effect of the 1-D particles 

dispersed in the thin film on x-y plane, the particles oriented in (100), (110), (010), and (-110) 

directions in the xyz-coordinates were modeled to calculate the averages of the effective properties. 

The laser incidents along the z-axis in the simulations. The detailed effective properties simulation 

method was described in Chapter. 2.5. 

Lastly, the composite's effective mass density ” and heat capacity ὅ were estimated by the 

theoretical equations [143]: 

” Ὢ ” Ὢ ” 3-1 
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ὅ  
ὅ Ὢ” ὅ Ὢ ”

Ὢ” Ὢ ”
 3-2 

where ὅ ȟὪȟ and ” 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 three-layered LUT structure in a water medium was built in COMSOL Multiphysics 

(Figure 3.1). Four physics solvers, including Radiation in Absorbing-scattering Media (rasm), 

Heat Transfer in Solids (ht), Solid Mechanics (solid, 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 Absorbing-Scattering Media built the Laser-

thermal coupling between rasm and ht; Thermal Expansion built the thermo-mechanics coupling 

between ht and solid; and Acoustic-Structure Boundary built the mechanics-acoustic coupling 

between solid and actd.   

The boundary conditions for each model block are shown in Figure 3.1. The width (vertical 

length) of the model was set as 1 µm. The thickness (horizontal length) of the substrate is 1 µm to 

decrease the computation load with the assistance of the fix boundary condition. The water media 

was set as 20 µm with a perfect match layer at the end of the model to mimic an unlimited open 

media. The composite and protection layer thicknesses were adjustable depending on the 

experimental setup. The mesh type was the free triangular, and the mesh size was controlled under 

1/10 incident laser wavelength (532 nm).   
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Figure 3.1. Schematic of the LUT device structure in a water medium (not in scale). The modelôs 

boundary conditions (red bold) are shown for the corresponding COMSOL solvers (blue italic) 

(i.e., rasm, ht, solid, asb, and actd). 

 

3.2.3 Wave propagation in media 

 

Figure 3.2. Wave propagation in the water medium. 

The acoustic wave pressure detected at a distance from the LUT in the water (Figure 3.2) 

can be analytically estimated as follows [144]:  
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where p(r,t) is the acoustic pressure at a location r at a time t, ” is the density of propagation media 

(i.e., water), c is the sound speed in the media, ὴ is the acoustic pressure at the LUT surface 

(water-side of PDMS protection layer) derived from the FEA simulation, is the angular ‫ 

frequency of the acoustic wave at the LUT surface, Ὧ is the wavenumber, ό is the LUT surface 

velocity (thermal expansion velocity), and ὃὼȟώ  is the LUT surface velocity distribution 

function. According to the Fresnel approximation for a relatively large wave source (aperture size 

D >> acoustic wavelength), Equation (3-3) can be simplified by: 

Ὡ ȿ ȿ
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The aperture size D is equal to the effective diameter of the laser beam. The spatiotemporal 

theoretical acoustic pressure ὴ►ȟὸ can be calculated by:  

ὴ►ȟὸ
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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 composed of various carbon 

particles, such as carbon soot nanoparticle (CSNP), carbon nanofiber (CNF), and carbon black 

(CB), dispersed in PDMS [12]. Material and experimental conditions, including the particle 
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volume fraction, particle size, and incident laser wavelength, were set identically with the literature 

[12]. Firstly, the composites' effective properties (Young's modulus E, Poisson's ratio ’, absorption 

coefficient ‌, thermal expansion coefficient ‍, and thermal conductivity K) were estimated by the 

unit cell FEA. The mechanical, optical, and thermal responses of the unit cells are shown in Table 

3.1 - Table 3.4. The estimated effective properties of composites are summarized in Table 3.5 with 

the properties of the bare PDMS, a glass substrate, and water [44]. Secondly, the estimated 

properties were used in the PA layer of the LUT device simulation. The input laser fluence was 

3.58 mJ/cm2, and the thickness of each device layer was modeled based on the information shown 

in [12]. Detailed dimensional information of the device layers are shown in Table 3.6. The FEA-

based acoustic pressure profiles at the LUT surface in the time and frequency domains are shown 

in Figure 3.3(a)-(c) as compared with our previous theoretical analysis model (Huangôs model) 

used in the literature [44]. 

 

Table 3.1. Mechanical properties simulation estimation for three different LUT devices. 
 Ůx Ůy Ůz F/S [N/m2] Ez [Pa] ɜx ɜy 

9 % CSNP/PDMS -0.510 -0.510 1.050 106 9.51×106 0.490 0.490 

1.77 % CNF/PDMS -0.619 -0.619 1.264 106 7.91×106 0.490 0.490 

47 % CB/PDMS -0.226 -0.226 0.465 106 21.49×106 0.487 0.486 

  

Table 3.2. Thermal conductivity simulation estimation for three different LUT devices. 
 ʌz [W/m2] d [nm] Ttop [K]  Tbot [K]  ȹT K [W/(m·K)]  

9 % CSNP/PDMS 8.64×108 71.9 600 300 300 0.207 

1.77 CNF/PDMS 3.36×108 144.5 600 300 300 0.162 

47 % CB/PDMS 4.49×107 5161 600 300 300 0.773 
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Table 3.3. Thermal expansion coefficient simulation estimation for three different LUT devices. 
 T0 [K]  T1 [K]  ȹT Ůz ♫◑ [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 

 

Table 3.4. Light absorption coefficient (wavelength 532 nm) simulation estimation for three 

different LUT devices. 

d [nm] Absorptance A Ŭ [1/µm]  

71.9 0.09 1.31 

144.5 0.066 0.47 

5161 99.999 10 

 

Table 3.5. Material properties of the constituents and the estimated effective properties of 

carbon-embedded PDMS composites (9 vol% CSNP, 1.77 vol% CNF, and 47 vol% CB.) 
 

 
Glass Water PDMS CB CNF 9 % CSNP 1.77 % CNF 47 % CB 

‍ [ppm/K] _ _ 330 2 2 302 316 165 

Cp [J/(kg×K)]  1000 4200 1460 675 675 1390 1446 1088 

” [kg/m3] 2200 1000 970 1630 1630 1029 981 1284 

K [W/(m×K)]  2 0.65 0.16 150 150 0.207 0.16 0.773 

‌ [1/µm]  0 0 0 32 32 1.31 0.47 10 

E [kPa] 72×106  _ 750 107 5×108 951 791 2148 

’ 0.17 _ 0.49 0.2 0.35 0.49 0.49 0.486 

 

Table 3.6. The layer thicknesses of different LUT devices 
 Carbon/PDMS composite PDMS protection layer 

9 % CSNP/PDMS 6 µm 18 µm 

1.77 % CNF/PDMS 25 µm 32.8 µm 

47 % CB/PDMS 30µm 0µm 
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Figure 3.3. The hierarchical prediction results for carbon-embedded PDMS LUT. (a)-(c) The 

acoustic waveform at LUT surface (water-side of the PDMS protection layer), This work vs. 

previous theoretical analysis model (Huangôs model): (a) 9 vol% CSNP, (b) 1.77 vol% CNF, (c) 

47 vol% CB. (d)-(f) The acoustic waveform at 4.2 mm from LUT surface, 

COMSOL/Propagation model (this work) vs. Huangôs model/Propagation model vs. 

Experimental measurement shown in [12]: (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 by Equation (3-7) using the pressure profiles obtained with the FEA 

simulation and Huangôs model for comparison. The detected pressure profiles based on the 

experimental results [12], the TAC model [44], and the FEA simulation are compared in Figure 

3.3(d)-(f). The peak positive and negative pressure, peak frequency, -6 dB bandwidth, and energy 

efficiency obtained by the prediction model and the measurement are summarized in Table 3.7. 

The energy efficiency – was calculated by the equations: 

–
Ὁ

Ὁ
 3-8 
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where Ὁ is the acoustic signal energy, Ὁ  is the laser pulse energy, and Ὓ is the laser beam 

spot area. 

 

Table 3.7. The hierarchical model estimation of Carbon/PDMS LUT acoustic output compared 

with experiments and Huangôs model. 

    

Peak positive 

pressure 

[MPa]  

Peak negative 

pressure 

[MPa]  

Peak 

frequency 

[MHz]  

-6 dB bandwidth  

[MHz]  
Efficiency 

9 % 

CSNP 

Experimental 4.66 0.6 10 22.5 (2.5-25, 225 %) 0.45 % 

Huangôs 

model 
6.1 _ 10 65 (0-65, 650 %) 0.32 % 

This work 4.4 0.89 7.49 
21.3(1.5-22.8, 277 

%) 
0.35 % 

1.77 % 

CNF 

Experimental 2.27 0.26 1.5 7.2 (1.5-9.7, 480 %) 0.17 % 

Huangôs 

model 
5 _ 10 55 (0-55, 550 %) 0.19 % 

This work 2.61 0.03 1.42 13.6 (1.4-15, 957 %) 0.23 % 

47 % 

CB 

Experimental 0.73 0.15 5.7 
11.1 (1.5-12.6, 195 

%) 
0.03 % 

Huangôs 

model 
3.62 _ 10 75 (0-75, 750 %) 0.07 % 

This work 2.12 0.84 13.28 56.8 (3.2-60, 428 %) 0.05 % 

 

From Figure 3.3 and Table 3.7, Huangôs theory predicted results have significant differences 

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 simulation results 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. For the 1.77 % CNF/PDMS composite, the simulated 

peak positive pressure and the -6 dB 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). The possible reason for the 

broader -6 dB bandwidth in prediction is that high-frequency waves 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 peak negative pressure. The 

experimental result of 47 % CB/PDMS composite showed significantly reduced performance for 

all outcomes compared to the simulation. The deteriorated LUT performance is attributed to the 

particle agglomeration [12] and the reduced polymer matrix's (PDMS) synthesis quality due to the 

particle concentration. Of 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 approach provides 

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 according to the designerôs experience and insight, 

not by systematic procedures [12,130,145]. 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 application-specific 

characteristics, such as the higher negative pressure or broader bandwidth. Herein, the study 

models demonstrated the design capability, each composed of 1-D cylindrical and 0-D spherical 
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nanoparticles mixed in PDMS. The parametric studies were conducted by sweeping the particle 

design parameters, including the volume fractions Ὢ (5, 9, 12, 15, 18, 21, 24, 27 and 30 vol%) and 

the particle diameters d (10, 15, 20, 30, 50, 80, 100, and 120 nm). For the composites containing 

the 1-D cylinder particles, the particle orientation changed from (100), (110), (010), and (-110) 

directions in the xyz-coordinates to simulate the directional distribution (Figure 2.25). Then, the 

average of the directional properties was used in the subsequent LUT device simulation. The laser 

incidents along the z-axis were linearly polarized in both x and y directions (Ex = 1 V/m and Ey = 

1 V/m, respectively). 

The effective properties of the CB/PDMS and CNF/PDMS composites are shown in Figure 

3.4 and Figure 3.5, respectively. For both cases, it was found that only the light absorption 

coefficient Ŭ is sensitive to the combination of the particle size and volume fraction. Other 

parameters, Young's modulus E, Poisson's ratio ’, thermal expansion coefficient ‍, and thermal 

conductivity K, are sensitive only to the volume fraction (Figure 3.4 and Figure 3.5). The thermal 

conductivity K increases along with the increase in particle size [146]. However, in this study, it 

is not sensitive to the particle size in the relatively narrow range (10 - 120 nm) compared to [146]. 
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Figure 3.4.  CB/PDMS composite. Parametric study of the effective properties in terms of 

particle concentration and particle diameter. (a) Young's modulus E, (b) Poisson's ratio ’, (c) 

light absorption coefficient ‌, (d) thermal expansion coefficient ‍, (e) thermal conductivity K, (f) 

heat capacity Cp. 

 

Figure 3.5.  CNF/PDMS composite. Parametric study of the effective properties in terms of 

particle concentration and particle diameter. (a) Young's modulus E, (b) Poisson's ratio ’, (c) 

light absorption coefficient ‌, (d) thermal expansion coefficient ‍, (e) thermal conductivity K, (f) 

heat capacity Cp. 
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Then, the FEA-derived 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 layer (Figure 3.1) were set to be 2 µm and 16 µm, respectively, and the incident laser 

fluence was 3.58 mJ/cm2. The 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 frequency, -6dB bandwidth, and energy conversion efficiency, of the 

CB and CNF-based LUTs are shown in Figure 3.6 and Figure 3.7, respectively. 

 

 

Figure 3.6.  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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Figure 3.7. The CNF/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. 

 

For CB/PDMS-based LUT, the positive peak pressure has the maximum in the region of 10 

ï 40 nm particle diameter d and 20 % particle volume fraction Ὢ. The negative peak pressure and 

the positive peak frequency ascend with the increase of volume fraction. The broadest -6 dB 

bandwidth appears at d in the range of 10 ï 20 nm and Ὢ  in the range of 16-22 %. The highest 

energy efficiency is located at d from 10 ï 25 nm and Ὢ  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 transducer with d in the range 

of 10-40 nm and Ὢ  near 20 % will be recommended [38].  If both broader -6dB bandwidth and 

higher positive pressure are required for precisely ablating malign tumors, the intersection of their 

optimal regions, d around 10 ï 20 nm and Ὢ near 20 %, is the optimal scenario [38]. 
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For CNF/PDMS LUT, the peak positive pressure had the maximum value at region d in the 

range of 40 ï 80 nm and Ὢ  in the range of 10 ï 15 %.  The peak negative pressure ascends with 

the increase of volume fraction. The maximum peak frequency and broadest bandwidth appear at 

d in the range of 70 ï 90 nm and Ὢ  approximately in 25 ï 30 %. The highest efficiency is located 

at d in the range of 40 ï 80 nm and Ὢ  around 12 %. If the broader -6dB bandwidth and higher 

peak positive pressure are required, the intersection of their optimal regions, d approximately 70 

ï 80 nm and Ὢ near 20 %, is the optimal scenario. 

 

3.4 Parametrical simulation and statistical analysis 

The relation between the LUTôs design (including material properties and structure layout) 

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 qualitatively analyze the relation 

between the material properties and acoustic pressure level [37,125]. 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. Hence, to develop next-generation LUT matrix polymer materials, it is 

necessary first 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 analysis, the multiphysics FEA model developed in 

Chapter 3.2 was employed and adjusted according to the transducerôs layout. The model schematic 

is shown in Figure 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 computation 

load, and its properties were estimated by the FEA model in advance (Figure 3.8) [37].  
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For the FEA model, there will be eight input parameters (thermal expansion coefficient ‍, 

nanocomposite thickness t, Youngôs modulus E, Poissonôs ratio ’, absorption coefficient ‌, 

thermal conductivity K, heat capacity Cp, and density ɟ) and six output parameters (Peak positive 

pressure (PPP), Peak negative pressure (PNP), Peak frequency, -6 dB bandwidth, -6 dB bandwidth 

upper bound, and -6 dB bandwidth lower bound). The time-domain acoustic signal was collected 

at the interface of LUT with water media. The PPP and PNP were derived from the time-domain 

signal, and the frequency and bandwidth-related information was derived from the fast-Fourie-

transformed (FFT) frequency-domain signal. The dataset was composed of all the input and output 

parameters. For each input parameter, the scan range was set according to the material properties 

of common polymer materials, shown in Table 3.8. The absorption layer thickness was chosen 

based on the typical spin-coating thickness range from 0.5 µm  ï 10 µm . Of note, because of the 

physics limitation, the Poissonôs ratio and Youngôs modulus could not be high at the same time 

(e.g., E = 3 GPa, ’ = 0.49), which also may lead to simulation non-convergency. For this reason, 

we set a limitation that Ὁ ’  1.2 x 109. The final data set includes more than 9000 simulations 

conducted by COMSOL.  

 

Table 3.8. Material properties and transducer parameters range in the DoE FEA simulation 

Parameters Range 

Nanocomposite thickness, t [µm]  0.1 - 10 

Absorption coefficient, Ŭ [1/µm]  0.5 - 3 

Thermal expansion coeff, ɓ [1/K]  50 - 900 x 10-6 

Young's modulus, E 600 KPa - 4 GPa 

Poisson's ratio, ɜ 0.25-0.49 

Density, ɟ [kg/m³]  1000 - 2000 

Heat capacity, Cp [J/(kg·K)]  800 - 1500 

Thermal conductivity, K [W/(m·K)]  0.15 - 0.3 
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Figure 3.8. (a) The schematic of the LUT simulation model and the waveform superposition. 

(b) Development workflow of new generation LUT materials. (c-f) The linear regression standard 

estimate between input parameters with acoustic output: (c) PPP, (d) PNP, (e) peak frequency, and 

(f) -6dB bandwidth. 

 

Before the statistical analysis, the dataset was normalized. Linear regression was employed 

to analyze data. The results are shown in Table 3.9 and Figure 3.8. The standard estimate slope of 

linear regression was used to indicate the significance of the correlation between the specific input 

and output. The linear regression model indicates that the t, E, and  ‌ will dominate the bandwidth 

of the LUT acoustics signal. The central frequency strongly correlates with E, t, and Ŭ. The E and 

‍ will attribute to the PPP and PNP. For excellent performance in the frequency domain, the 
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materials E and ‌, and the structure layer t should be selected or designed sophisticatedly. For 

better time-domain performance, especially for higher PNP, the materials design should focus on 

the E when keeping a relatively higher ‍. Overall, the E and ‍ will be the direction for the polymer 

matrix material selection. Other features with strong correlations, such as t and Ŭ, could be 

controlled in the nanocomposite fabrication process.  

 

Table 3.9. The linear regression analysis between the acoustic output and input parameters 

Parameters 
Standard estimate slope 

PPP PNP Frequency -6dB Bandwidth 

Nanocomposite thickness, t 0.0388 0.0277 -0.2013 -0.2638 

Absorption coefficient, Ŭ 0.0075 0.0674 0.0930 0.1816 

Thermal expansion coeff, ɓ 0.0931 0.0814 0.0120 0.0019 

Young's modulus, E 0.1116 0.7426 0.5929 0.2554 

Poisson's ratio, ɜ 0.0068 0.0689 0.0472 0.0431 

Density, ɟ -0.0195 -0.0344 -0.0559 -0.0269 

Heat capacity, Cp  -0.0494 -0.0421 -0.0296 -0.0240 

Thermal conductivity, K  -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 Youngôs modulus. After filtering, a kind of polyimide material -- Pyromellitic 

dianhydride and 2,2ô-Dim- ethyl-4,4ô-diaminobenzene (PMDA-DMDB) was proposed as the new 

generation LUTôs polymer matrix material. The PMDA-DMDB possesses a relatively high lateral 

thermal expansion coefficient of 200×10-6 and a Youngôs Modulus of 3GPa that are much higher 

than PDMSôs (0.8-10 MPa) [147ï150]. Moreover, the polyimide family was famous as a high-

temperature resistance material that can stand high temperatures at 450 oC, such as Kapton tape.  
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To pre-verify the performance of PMDA-DMDB LUT (we will call PMDA-DMDB as PI 

following), the materialôs properties were employed for the LUT FEA simulation. Table 3.10 lists 

the material properties of PI and PDMS. The CNT was set in the simulation as 70 nm diameter 

and 9 vol%. The nanocomposite layer thickness was set as 10 µm . Substrate thicknesses were set 

as 100 µm . The LUTsô name format was defined as: Particle/Polymer/Substrate. The laser source 

was set as 50 ns duration and 5 mJ/cm2 energy 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 substrates, and laser input 

energy (Figure 3.9 and Table 3.11).  

 

Table 3.10. The properties of PI(PMDA-DMDB) and PDMS 
Properties PDMA-DMDB PDMS 

Thermal expansion coeff, ɓ [1/K]  230 x 10-6 960 x 10-6 

Young's modulus, E 3 GPa 750 kPa 

Poisson's ratio, ɜ 0.34 0.49 

Density, ɟ [kg/m³]  1420 970 

Heat capacity, Cp [J/(kg·K)]  1090 1460 

Thermal conductivity, K [W/(m·K)]  0.12 0.0029 

 

It is worth noticing that when the nanocomposite layer emits acoustic waves, there is not 

only a wave in the forward direction but also in the backward direction of the substrate. 

Researchers demonstrated that the reflected wave could reinforce acoustic signal intensity without 

polarity change and that using reflected waves with polarity change generates a superposition 

waveform with significant negative pressure [151,152]. Firstly, there should be enough acoustic 

waves to pass the substrate to achieve this objective, which needs a relatively close acoustic 

impedance (dominated by Youngôs modulus and density) of the nanocomposite layer with a 

substrate. Secondly, the waveform should have a polarity change when reflected at the substrate-
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media interface, which needs the substrateôs acoustic impedance to be much larger than the media. 

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. To examine the effect of different nanocomposite 

and substrate acoustic impedance combinations on the final acoustic output result, the 

CNT/PDMS/Glass, CNT/PDMS/Kapton, CNT/PDMS/PDMS, CNT/PI/Glass, CNT/PI/Kapton, 

and CNT/PI/PDMS scenarios were employed for the further simulation studies. All the substrate 

thickness was set as 100 µm. The simulation results indicate that the relatively 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. Hence, higher negative pressure could be observed at 

CNT/PI/Kapton LUT simulation. 

 

Table 3.11. The simulation results of CNT/PDMS and CNT/PI-based 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  2.11  5.98 6.20  
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Figure 3.9. 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/PDMS/Kapton, and CNT/PDMS/PDMS LUTs. (b) Frequency domain 

acoustic signal of the (from up to bottom) CNT/PDMS/Glass, CNT/PDMS/Kapton, and 

CNT/PDMS/PDMS LUTs. (c) Time domain acoustic signal of the (from up to bottom) 

CNT/PI/Glass, CNT/PI/Kapton, and CNT/PI/PDMS LUTs. (d) Frequency domain acoustic 

signal of the (from up to bottom) CNT/PI/Glass, CNT/PI/Kapton, and CNT/PI/PDMS LUTs. 
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The substrate thickness will affect the reflected waveôs acoustic path length (phase delay). 

The CNT/PI/Kapton LUT acoustic outputs were simulated with different substrate thicknesses (10 

ï 200 µm ). A clear view of wave superposition and phase delay can be observed in the simulation 

results (Figure 3.10 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 µm Kapton substrates is optimal for generating continued waveform 

without wave destruction. 

 

Table 3.12. CNT/PI/Kapton LUTsô substrate thickness parametrical simulation 

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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Figure 3.10. The simulation results of CNT/PI/Kapton with different substrate thicknesses (10 ï 

200 µm), (a) Time domain signal, (b) Frequency domain signal. 

 

3.5 Nanocomposite synthesis and characterization 

The PMDA-DMDB was synthesized by the precursors PMDA and DMDB (Figure 3.11): 

The precursors were first dissolved into solvent DMAc as 10 wt%. Then, the -COOH 

functionalized CNTs were dispersed by ultrasonics probe into precursors/DMAc solution under a 
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water cooling system. The dispersed CNT/precursors/DMAc solution was coated on the O2 

plasma-treated glass substrate. The coating sample was baked in a vacuum oven at 80 oC for 20 

mins to evaporate the solvent. The baked samples were transferred to a high-temperature tube 

furnace for PMDA-DMDB synthesis. After curing for 2 hours at 350 oC under N2 flow, the 

CNT/PMDA-DMDB film was prepared on the glass substrate (Figure 3.11). The film could be 

transferred to Kapton tape depending on the demand for flexibility and negative pressure (Figure 

3.11). The SEM pictures demonstrated the homogeneous dispersion condition of the CNT (Figure 

3.11). 

The before and after curing FTIR spectra of PMDA-DMDB are shown in Figure 3.11. After 

curing, the representative absorption peaks of precursors (PAA) at wavenumber 1610.7 cm-1 

(amide C=O) and ~3200 cm-1 (N-H and amide C=O) disappeared, which were replaced by the 

representative peaks of PMDA-DMDB polyimide at 1777 cm-1  (C=O asymmetric stretching), 

1723 cm-1  (C=O symmetric stretching), 1367 cm-1  (C-N stretching) and 725 cm-1 (C=O bending). 

The FTIR characterization results demonstrated that the PMDA-DMDB polyimide was 

synthesized successfully. The thermal gravimetric analysis (TGA) characterization result (Figure 

3.11) verified that the PMDA-DMDB will not decompose until 480 oC.  
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Figure 3.11.  (a) The PI 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), PI, and CNT/PI nanocomposite. (f) TGA result of PI 

and CNT/PI nanocomposite.  

 

3.6 Polyimide-based LUT laser and 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) calibrated the laser pulse energy. The 

experiment setting is shown in Figure 3.12. The sample was fixed outside the plastic water tank 

with a 16 mm hole to avoid extra attenuation in the signal propagation. A high-frequency 

hydrophone (HGL-0085, 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 

200 µm. A 10.6 mm distance between the LUT nanocompositesô layer and the hydrophone was 

chosen for all tests for 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 by averaging 

16 signal traces in the time domain.  

 

Figure 3.12. LUT laser test experiments setting 

 

To demonstrate the merits of PI LUT, the same thickness CNT/PDMS and CNT/PI laser 

absorption layer were fabricated on the glass substrate, respectively. The thicknesses of the LUTsô 

absorption layers were controlled at 10 µm, and the CNT volume fraction was controlled at 9 vol%. 

Under 5mJ/cm2 laser energy density, the CNT/PI LUT had a 2.0 MPa of PPP, 1.42 MPa of PNP, 

6.7 MHz of Peak frequency, and 2.6-22.5 MHz of -6dB bandwidth, whereas the CNT/PDMS had 

a 4.5 MPa of PPP, 0.25 MPa of PNP, 3.4 MHz of Peak frequency, and 2.5-16.7 MHz of -6dB 

bandwidth (Figure 3.13 and Table 3.13). This result demonstrated that the PI LUT could provide 

higher peak frequency (~ 2 times), -6dB bandwidth (~1.4 times), and PNP (~5.7 times). 
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Table 3.13. The laser experiments 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/PI/Kapton 30 1.20 1.10 6.30 12.84 

CNT/PI/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 has a closer acoustic impedance with the 

nanocomposite layer, the LUTs could provide higher PNP, mainly attributed to the reflected 

waveform from the substrate-air interface. To test this hypothesis and achieve flexible LUTs, the 

CNT/PI film was fabricated and transferred to Kapton tapes (polyimide) with various thicknesses, 

such as 30, 50, and 70 µm. The absorption nanocomposite thickness was also controlled at 10 µm , 

and the CNT volume fraction is 9 vol%. The acoustic output results for substrates with different 

thicknesses are shown in Figure 3.13. The CNT/PI/Kapton(50 µm) LUT can obtain a continued 

waveform of 1.5 MPa of PPP, 2.0 MPa of PNP, 6.0 MHz of Peak frequency, and 2.2-10.5 MHz of 

-6dB bandwidth. The CNT/PI/Kapton(30 µm) LUT can obtain 1.2 MPa of PPP, 1.1 MPa of PNP, 

6.3 MHz of Peak frequency, and 2.33-15.17 MHz of -6dB bandwidth. The CNT/PI/Kapton(70 µm) 

LUT can obtain 1.5 MPa of PPP, 2.1 MPa of PNP, 5.0 MHz of Peak frequency, and 2.33-8.5 MHz 

of -6dB bandwidth. For the 70 µm 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 negative pressure waveform that 

integrated with the reflected positive pressure waveform. For the highest PNP, the optimal 

substrate thickness exists when the reflected waveform and the forward waveform have 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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Figure 3.13.  (a) ï (b) The laser experiments results of the different matrix polymer and substrate 

materials combinations: (a) Time domain and (b) Frequency domain. (c) ï (d) The laser 

experiments results from CNT/PI/Kapton LUTs with different Kapton substrate thicknesses 

(from top to bottom: 30, 50, and 70 µm). 
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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 LUT. To assess the viability 

of our approach, we conducted simulations using three different LUT compositions: 9 % 

CSNP/PDMS, 1.77 % CNF/PDMS, and 47 % CB/PDMS. The hierarchical predictive approach 

demonstrated excellent performance in both time and frequency domain outputs for 9 % 

CSNP/PDMS and 1.77 % CNF/PDMS. However, the 47 % 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 material directions, and the design of surface patterns. 

Based on the hierarchical predicting approach, the parameter-sweep simulations were 

demonstrated to explore the optimal LUT design with variables such as particle size (10 ï 120 nm) 

and volume fraction (5 ï 30 %). It was known from the composite effective properties prediction 

simulation that only the light absorption coefficient was sensitive to both embedded particle size 

and volume fraction, and 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 needs both high peak positive pressure for plaque disruption, a CB/PDMS transduce 

with particles with d in the range of 10-20 nm and Ὢ near 20 % or a CNF/PDMS transduce with 

particles with d around 70-80 nm and Ὢ near 20 % could be chosen as the design scenario.  

Then, this study demonstrated a high-temperature and high-frequency flexible LUT made 

by CNT/polyimide nanocomposite. The FEA simulations and statistical analysis indicated that 

Youngôs modulus significantly influences the LUTôs PNP and frequency performance. A 
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polyimide (PMDA-DMDB) was chosen for the LUT laser absorption nanocomposite polymeric 

matrix material, assisted by the FEA simulation and statistical analysis. The reflected polarity 

change wave was proposed and demonstrated for a superpositioned waveform with large negative 

pressure. The 50 µm 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/PI/Kapton LUTs were fabricated and characterized by laser experiments. 

Compared with PDMS-based LUT, the PI-based LUT was demonstrated to have twice the peak 

frequency, 5.7 times peak negative pressure, and 1.4 times -6 dB 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 than the LUT 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 450 oC 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 multi-functional.  
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CHAPTER 4. PASSIVE RADIATIVE COOLING  COATING DESIGN AND SCALABLE 

FABRICATION  

4.1 Introduction  

Climate change has severely impacted peopleôs lives and the environment. Due to the rising 

temperature, approximately 20.3 % of electrical energy was used in the cooling system of US 

residences and commercial buildings [153,154], 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 space [155ï163]. 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 materials should simultaneously possess high cooling power, low-cost, 

scalable manufacturing, and contamination resistance characteristics. Previous research showed 

that rough microstructures could achieve high cooling power and anti-contamination since the 

rough surfaces elevate the thermal emissivity by creating a gradual refractive index change and 

generating a superhydrophobic surface [155,164ï167]. However, nontriviality arises when 

fabricating the desired microstructures with low-cost and scalability because high mid-infrared 

(mid-IR) emissivity requires high-precision control of the photonic microstructures, where costly 

and low-yield nanofabrication techniques are generally employed (such as photolithography and 

nanoimprinting) [155,164ï167]. Thus, innovative manufacturing methods need to be developed to 

fabricate these microstructures for large-scale applications, such as building energy saving. 

Roll-to-roll has been an industrial-level process for scalable and inexpensive thin-film 

fabrication. Zhai et al. first used the roll-to-roll method to fabricate flat SiO2/polymethylpentene 

nanocomposite film with a silver reflection layer to obtain a solar reflectance of 96 % and a mid-
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infrared emissivity of 93 %. However, the e-beam metal evaporation silver layer significantly 

increases the manufacturing cost and time [157]. Zhou et al. directly coated a flat 

polydimethylsiloxane (PDMS) layer on the metal sheet by the roll-to-roll 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 roll-to-roll 

manufacturing inspired researchers to develop a novel scalable way to fabricate periodical 

microstructures [169ï172]. Specifically, the positive pressure gradient generated in the 

downstream meniscus sows the seeds of the spike ñdefectsò on the surface [173ï175]. These 

defects can be robustly kept when the materialôs rheological properties are modified by adding 

nanoparticles. In this situation, the defectsô peak pitch length is correlated with material properties 

(i.e., surface energy, viscosity) and fabrication parameters (i.e., roller radius, roller gap, and roller 

speed) [176ï178]. The optimized spike microstructures for high cooling performance can be 

obtained by manipulating the embedded nanoparticles and fabrication parameters. In addition, 

metal oxide nanoparticles can reflect sunlight due to the particlesô intense backscattering [179ï

181], which potentially enhances the daytime radiative cooling power. Therefore, the modified 

roll-to-roll manufacturing method could be a cost-effective candidate for fabricating high-

performance daytime radiative cooling photonic structures on a large scale. 

In this study, we first demonstrated a template-free roll-to-roll method combined with 

polymetric nanocomposites to fabricate photonic spike coatings for daytime radiative cooling 

(Figure 4.1(a-e), Figure 4.2, Figure 4.3). A bilayer structure comprising 

Al 2O3/polydimethylsiloxane (PDMS) and TiO2/PDMS enhances the reflectivity of ultraviolet (UV) 

light (Figure 4.4(a))[182]. The fabricated photonic coatings show a directional emittance in mid-

IR of 97.0 % and a state-of-the-art substrate-independent solar radiation directional reflectance of 
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96.0 % (Figure 4.4(b)). The photonic coating generates a sub-ambient cooling power as high as 

39.1 W/m2 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 state-of-the-art radiative cooling materials (Figure 4.4(c), Chapter 4.7.2, 0, 

normalized in same weather condition based on May 4th, 2023 of Chicago, IL, USA), our photonics 

coating possesses a high solar reflectivity, thermal emissivity, and cooling power [155ï160,183]. 

Besides, the photonic coating includes superhydrophobic merit (water contact angle = 156o), 

promoting contamination resistance (Figure 4.4(d) and Figure 4.14). Lastly, SiO2/PDMS 

nanocomposite films were developed using roll coating methods for use in the passive cooling of 

solar cells. 

 

Figure 4.1. (a) Schematic of the bilayer nanocomposite microstructure photonic coating 

fabrication. (b) The spike formation schematic during the roll-to-roll fabrication process (15 

vol% Al2O3/PDMS with relatively low viscosity and low roller speed are utilized for convenient 

photography, which is not the final product). (c-e) The bilayer coating products (26 vol% 

Al 2O3/PDMS - 25vol% TiO2/PDMS). (c) Camera image. (d) Laser confocal image of the surface. 

(e) SEM with a cross-section view. 
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Figure 4.2. The laser confocal picture of the Al2O3/ PDMS - TiO2/PDMS surface. The surface 

roughness Ra = 35 µm.  

 

 

Figure 4.3. The SEM pictures of the Al 2O3/polydimethylsiloxane (PDMS)-TiO2/PDMS surface.  
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Figure 4.4.  (a) The schematic of the bilayer photonic coating passive radiative cooling. smaller 

green spheres are Al2O3, and the larger blue spheres are TiO2. (b) Spectral reflectance and 

emissivity of the photonics coating (bilayer, thickness is 300 µm) presenting against normalized 

ASTM G173-03 Reference Global Tilt Solar Spectra and mid-IR transparent window of 

Chicago, IL, USA. (c) Comparing the solar reflectance, emissivity, and theoretical cooling power 

(normalized in the same ASTM G173-03 Reference Global Tilt Solar Spectra and weather 

condition of Chicago, IL by MODTRAN) with the state-of-the-art radiative cooling materials 

record in the reference. (d) Photonic coatingôs superhydrophobicity (water contact angle = 156o) 

and contamination resistance demonstration with 30 o slope (Side view picture is in Figure 4.14). 

 

4.2 Design Simulation for the scattering, reflection, and structural -optics effects 

The ideal radiative cooling materials should possess high solar reflectivity and thermal 

emissivity. The transparent PDMS is used for high thermal emission. TiO2 and Al2O3 nanoparticles 

are mixed with PDMS to enhance solar reflectivity. TiO2 is a commercial white painting material 

with high reflectivity at a thin thickness due to its high refractive index (~2.7). However, the TiO2 

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, low-cost Al2O3 nanoparticles are introduced to 

suppress UV absorptivity to tackle this challenge [182]. Figure 4.1(a) and 2(a) show the final 

design of the bilayer photonic materials. The Al2O3/PDMS is layered on top of the TiO2/PDMS to 

prevent the UV absorption of TiO2. Theoretically, larger backscattering coefficients of the 

nanoparticles lead to higher reflectivity. To validate this, Mie's theory calculated the backscattering 

coefficients of the nanoparticles (Figure 4.5(a-b), Figure 4.15, and Chapter 4.7.5). The selection 

of 500 nm-sized TiO2 particles was based on their strong backscattering coefficient peak aligning 

with the peak of solar radiation at 500 nm. The 200 nm-sized Al2O3 particles were 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 of the coating. The spike microstructures (~30 ɛm 

lateral length) only had a negligible effect on the solar spectrum reflectivity according to Rigorous 

Coupled-Wave Analysis (RCWA) simulation (Figure 4.5c) because of the significant mismatch 

between the wavelength of the incident light and the structure size (Figure 4.5(c) and Chapter 

4.7.6). The spike microstructures create a gradual refractive index change at the air/coating 

interface, which enhances the thermal emissivity [155]. 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 70.8 % (flat PDMS, f-P) to 87.0 % (triangular 

microstructured PDMS, t-P) at mid-IR (Figure 4.5(d), Chapter 4.7.7). The triangular 

microstructure also shows higher emissivity than square and circular topographies (Figure 4.20, 

Figure 4.21). Boosted by the strong mid-IR absorption of Al2O3 or TiO2 nanoparticles (25 vol% 
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particle concentration), the emissivity can be promoted further to 92.9 % (Figure 4.5(d) and Figure 

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

of the spike lead to a higher emissivity (Figure 4.23), which guides our roll-to-roll fabrication.  

 

Figure 4.5. (a-b) The nanoparticle/PDMS backscattering coefficients calculation by Mieôs theory 

(particles concentrations were 25 vol%, ñSelectedò marked the particles size in final products). 

(a) The average backscattering coefficient of Al2O3 nanoparticles and its variation with particle 

diameter and wavelength in the UV range. (b) The average backscattering coefficient of TiO2 

nanoparticles and the variation of the backscattering coefficient concerning changes in particle 

diameter and wavelength within the solar spectra range. (c) The spike microstructureôs effect on 

solar spectral reflectance, and the models in the RWAC model. In the legend, t- represents a 

triangular spike model, and f- represents the flat model. (d) The enhancement results for the mid-

IR emissivity by the photonic microstructures were simulated by finite elements analysis (FEA, 

COMSOL), and particle concentration was 25 %. In the legend, P represents PDMS.  

 

 

4.3 Fabrication process optimization 

For cooling energy-saving applications, the radiative cooling photonic coating materials 

must be fabricated on a large scale. The rapid roll-to-roll method fabricates the TiO2/PDMS and 

Al 2O3/PDMS bilayer photonic coating materials with spike microstructures by employing 

viscoelastic fluid instability. The formation of the spike peaks is described in Figure 4.1(b) (15 

vol% Al2O3/PDMS, relatively low viscosity material, and low roller speed were utilized for 
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convenient photography. It is not the final product). Our previous simulation research 

demonstrated that surface energy ɔ, viscosity ɖ (or complex viscosity ɖ*), roller radius R, roller 

gap d, and roller speed U were strongly correlated with the pressure gradient in the flow direction, 

which directly led to the formation of the spike ñdefectsò [175]. To demonstrate the effects of ɖ, 

U, ɔ, and R/d on the final spikesô peak pitch length (pspike), parametric experiments are conducted 

with U ranging from 20 rpm to 100 rpm, and R/d from 100 to 320. The 4 - 24 vol% Al2O3/PDMS 

nanocomposites are prepared for different viscosities. The ɔ and ɖ* measurement results of the 

nanocomposites are shown in Figure 4.6(a-b) and Chapter 4.7.8. The parametric roll-to-roll 

experiment results demonstrate that the higher ɖ (higher particle content), U, and R/d would lead 

to a smaller pspike as shown in Figure 4.6(c) and Table 4.6. The Capillary number (Ca=ɖU/ɔ, used 

to be the index for predicting the critical point of the roll-to-roll defect appearance, but the 

fabrication in this study is far beyond the critical point) could not fit the viscoelastic fluid 

fabrication very well (Figure 4.26). We propose a novel Roll-to-roll Defects Coefficient, RDC= 

((ɖ/ɔ)1/3UR / d)-0.5, to fit with the pspike. The pspike vs. RDC result is shown in Figure 4.6(d). A linear 

proportion shows that the pspike decreased as the RDC decreased.  

In the final bilayer products, a flat 25 vol% TiO2/PDMS is the first roll-to-roll fabricated and 

cured. Then, the top layer is fabricated on the flat layer by roll-to-roll method, where the 26 vol% 

Al 2O3 and 3 vol% SiO2 (10 nm, stabilization particles) are mixed into PDMS to achieve close-

boundary viscosity but with processability. When the U went to 100 rpm and the R/d went to 320, 

the ~100 ɛm pspike is achieved (Figure 4.1(d-e)), which is desired for improving thermal emissivity 

(Figure 4.1(d-e)).  

It is necessary to characterize the optical properties of solar and mid-IR ranges to prove the 

radiative cooling capability of the photonic coating. The ultraviolet-visible (UV-vis) and Fourier 
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transform infrared (FTIR) spectrometers characterize solar reflectivity and mid-IR thermal 

emissivity, respectively. In Figure 4.6(e), the UV-vis results show that the bilayer Al2O3/PDMS-

TiO2/PDMS coating overcomes the drawbacks of the Al2O3/PDMS (low overall reflectivity, 59.7 % 

with 100 µm thickness) and TiO2/PDMS (high absorption at UV, 91.7 % solar reflectance with 

100 µm thickness). A 96.0 % solar reflectivity is achieved, comparable with PDMS/silver [185]. 

The FTIR measurement verified that the spike structure enhanced the mid-IR emission (Figure 

4.6(f)). The 97.0 % and 96.5 % emissivity are obtained from the structured bilayer Al2O3/PDMS-

TiO2/PDMS and the structured TiO2/PDMS samples, respectively. The referenced materials, flat 

TiO2/PDMS and flat PDMS materials achieve 95.0 % and 93.2 % emissivity, respectively.  

 
Figure 4.6. (a) The surface energy components of the different Al2O3 (200 nm) particle 

concentrations in PDMS (P). (b) Complex viscosity (ɖ*) vs. angular frequency. (c) A parametric 

experiment of the nanocomposite pastes, Peaks pitch length (ppeak) vs. Roller geometry factor 

(R/d) and roller speed (U). (d) Peak pitch length vs. Roll-to-roll defects coefficient (RDC). (e) 

The reflectance of a photonic coating sample (t- Al 2O3/P-TiO2/P) and other comparing samples 

on the solar spectrum. (f) The emissivity of the photonic coating and other comparing samples at 

mid-IR (7-14 µm). 
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4.4 Field test of the cooling filmôs thermal performance  

To assess the daytime radiative cooling performance of the sample, a Peltier-based cooling 

power measurement platform was established near Michigan Lake in Chicago, IL (Figure 4.27). 

The temperature drop measurement setup was positioned on a rooftop at Chicago University, 

Chicago, IL (Figure 4.28). The outdoor measurements took place in Chicago on May 4th, 2023. 

The measurement system depicted in Figure 4.7(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 by Aili (2021) [186]. For these calculations, temperature and humidity data were 

obtained from field test measurements, the heat transfer coefficient was estimated as 10 W/(m2K), 

and the cloud cover rate of 0.125 was cited from the National Oceanic and Atmospheric 

Administrationôs (NOAA) National Weather Service (NWC) ï Chicago OôHare International 

Airport weather record [187]. The Al2O3/PDMS-TiO2/PDMS coating demonstrated an average 

cooling power of 39.1 W/m² from 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/m², as shown in Figure 

4.7(d) and Figure 4.29. 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 temperature-drop test, the same sample 

exhibited an average temperature drop of 5.2°C, slightly lower than the theoretical model 

calculation of 6.2°C, as depicted in Figure 4.7(e) and Figure 4.29. 
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Figure 4.7. (a) Outdoor cooling power and temperature-drop measurement platforms. (b) 

Schematic of the Peltier-based measurement platform. (c) Schematic of the temperature-drop 

measurement platform. (d) The bilayer photonic coatings cooling power (Pcooling) measurement 

result and theoretical model prediction cooling power (Pcooling_model) with corresponding relative 

humidity (RH), ambient temperature (Ta), and solar illumination (Isolar, average and maximum 

illumination are Iave and Imax, respectively). (e) The bilayer photonic coatings temperature 

measurement result (Ts) and model predicted temperature (Tmodel) with corresponding RH, Ta, and 

Isolar. (f) The infrared thermal camera pictures of bilayer photonic coating on the authorôs hand. 

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, one-year equivalent solar light UV 

radiation was applied to the coating continually. The results indicated no significant degradation 

of mechanical strength or optical properties after one year of equivalent solar light UV radiation 

(Figure 4.6 and Figure 4.9). 




























































