
 

ABSTRACT 

LIU, SIPAN. FEA Method Predicting the Refractive index of Nano-Composite and Verified by 

MWIR ORMOCHALC polymer Nano-Composite. (Under the direction of Dr. Jong Eun Ryu). 

 

In this study, we propose a novel method to predict the Refractive index (RI) of the nano-

composite using a physics-based Finite Elements Analysis (FEA) model for the Fabry-Pérot (F-

P) interference. The nano-composite film used as the F-P cavity was modeled to reflect the 

nanoparticle size, shape, dispersion state, and volume fraction. We modeled the multiple-layer 

structure composed of air, nano-composite cavity (film), and opaque substrate. The reflection and 

transmission spectra of the multiple-layer present peaks associated with the wavelength, RI, cavity 

(film) thickness and incidence angle. From the given geometry and incidence angle, and the FEA-

estimated resonance peaks, the RI as the function of wavelength could be calculated.  

To verify the proposed approach, we chose five references from the literature of optical 

nano-composites, which use BaTiO3/PMMA, TiO2/PMMA, ZnO/PMMA, Nb2O5/Acrylic, and 

SiO2/Acrylic. Based on the data shown in the references, such as the particle volume fraction and 

RI, the effective RI were estimated by our F-P based FEA model. Our F-P based model predicts 

RI more accurately compared to the four Effective media approximation (EMA) models that 

researchers usually used. Simulation results are a little bit higher than the data from reference. The 

errors are always around 0.5%.  

Further, the effect of the particle size, shape, dispersion state, and arrangement on the RI 

of a composite material was investigated by our FEA method. It was found that the particles with 

large size, high aspect ratio in the oscillation direction of the electric field, and dense particles at 

the region of the high electric field inside the cavity are the main factors that enhance the RI at the 

identical volume fractions. 



 

Lastly, we focus on Mid-Wave Infrared (MWIR) to synthesis high refractive 

ORMOCHALC nano-composite, measure the RI and check with our FEA model. We synthesized 

a nano-composite composed of an organically modified chalcogenide polymer, poly(S-r-DIB) and 

inorganic nanoparticles. The complex RI of the composites were characterized by the Infrared 

Variable Angle Spectroscopic Ellipsometer (IR-VASE). For the poly(S-r-DIB) composites with 

10-nm silicon nanoparticles, the RI at the 4-µm wavelength of the composites with 0.0, 4.6, 7.2, 

and 10.2 % of particle volume fractions were measured to be 1.67, 1.72, 1.75, and 1.78, 

respectively, while the FEA method estimated 1.67, 1.74, 1.77, and 1.80, respectively. For the 

composites with 10-nm ZnS nanoparticles, the RI for 0.0, 0.9, 3.0, and 4.0 % of particle volume 

fractions were 1.68, 1.69, 1.70, and 1.71, respectively, while the FEA method estimated 1.68, 1.69, 

1.70, and 1.70, respectively. The deviations might be attributed to the variation in particle size 

distribution and the dispersion state. The size distribution and spatial dispersion in the FEA models 

were modified based on the SEM of the cross-sections of the sample. The FEA-derived RI with 

those modified models showed more accurate prediction results for both Si and ZnS nano-

composite.  
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Chapter 1: Introduction  

1.1 Motivation 

In optical materials, we can separate them into 2 groups: inorganic and polymer. The 

traditional material is inorganic. The advantages are many inorganic materials have very high 

Refrative index (RI) and superior transmission. For example, at Mid wave infrared (MWIR), the 

RI of Si, Ge, GaAs is 3-4 and transmission is very good [1].  However, in the meantime, the 

disadvantages of inorganic material are also obvious: they are expensive, fragile, poor 

processability so that the final device with inorganic material was limited by their high weight. For 

polymer material, the conditions are just opposite: polymer is inexpensive, not fragile, lightweight, 

reusable and has great processability, shown as Figure 1.1 [2]. which makes it possible that use 

polymer for metasurface or on-chip integration [1,3]. But the shortcoming for the polymer optical 

material is very vital: low RI and absorption band by chemical chains, such C-H chain absorption 

at 3.4 um [1]. 

 

Figure 1.1: Free-standing micropatterned polymer fabrication.High RI optical polymer 

material has attracted interests in the advanced photoelectronic applications (shown as Figure 2.2), 

such as high quality eyeglasses lens, micro-lens array [3] optical encapsulates for OLEDs [3], 

magnetic resonance [4], medical diagnosis [5], and directional light-scattering filter [4,6,7].  
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Figure 1.2: High refractive index material application. (a) Glasses lens with different RI (b) 

Micro lens array. (c) Encapsulant of LED 

There are usually two approaches to increase the RI for optical material [3]. One is to 

investigate more intrinsic high RI pure polymer. Sulfur-containing, Phosphorus-containing, 

Halogen-containing and Organometallic high RI polymer have been reported by other researchers 

[3]. These kinds of elements containing polymer have intrinsic high RI. However, according to 

recent research, the RI of these polymers are around 1.8 [3]. This level RI (~1.8) sometimes cannot 

satisfy the requirement for some applications, and the research of pure high RI polymer cost a lot 

labor and financial resource.  

Another approach to reinforce the RI of a polymer is mixing high index nanoparticles into 

polymer. Until now, the nanotechnology is still the most effective way to fabricate the high RI 

optical material [3]. The procedure of nano-composite is much simpler than pure polymer 

investigation (shown as Figure 1.3). Researchers can mix very high RI and transmission materials 

(which are usually very brittle and poor processability) into polymer. Then they can reinforce the 

RI of composite and, in the meantime, maintain good processability. According to previous 

researchers EMA model and experiments, the effective RI for nano-composite has an 

approximately linear relation with particle volume fraction. For example, if we can mix 50vol% 
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Si nanoparticle (n=3.4) into PMMA (n=1.49), the effective RI of nano-composite will go to around 

2.45! Not only the high RI, the optical material can get multi-function by mixing nanoparticles. 

Such as EM image detected [5], and plasmonic effect [6], etc. 

 

Figure 1.3: Nanocomposite fabrication procedure 

 

1.2 Research gap 

Before fabricating the nano-composite, researchers need to design and predict the RI they 

need. Effective media approximation (EMA) theories have widely used to estimate the RI of 

optical nano-composites. The traditional EMA models are empirical equations based on the RI of 

matrix and inclusion, and the volume fractions of the components. Such as the Maxwell-Garnett 

(MGT) model, Lorenz-Lonrents(L-L) model, Bruggeman model, parallel model, and Drude 

model. All MGT, L-L, and Bruggeman model are from the same theory, effective medium theory. 

However,  with different assumptions (see in Chapter 2. EMA model introduction). Parallel and 

Drude model are all can be concluded into the ‘power law’ approximation. However, all five 

models will have different predicting results for different materials and dense. For example, the 

Bruggeman model was observed having a large error when the volume fraction increases to 

10vol%, and when the volume fraction increases to 30vol%, the Bruggeman model usually is 
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though unreliable [7]. Also, these effective medium theory based models (MGT, L-L, Bruggeman) 

have been found to have a big discrepancy in many cases about dielectric multilayers and metal-

dielectric multilayers  [7-8], so that people should be very cautious to use these kinds of models. 

The intrinsic disadvantage of EMA models is that they only depend on the constitutions properties 

(RI) and their volume fractions, which means that these models do not consider the particle’s 

morphology (size and shape) and arrangement. For example, according to optical knowledge, we 

know that when the particle’s scattering phenomenon will be totally different when the size is in 

nanoscale (In Rayleigh scaterring region), shown as Figure 1.4. Finally, different scattering 

performance will lead different effective RI for nano-composite.  All the above-mentioned facts 

imply that the traditional EMA model is not suitable for nano-composite forever.  

 

Figure 1.4: Nanocomposite scattering phenomenon with different size particles. 
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1.3 Objective 

Exact effective RI predicting before experiments can help people save time and money, 

and , more important, can direct the right way of research. So, an effective and high precision RI 

predicting finite elements analysis (FEA) model is significant for optical research.  

The objective of this research is that built one FEA model to predict effective RI of nano-

composite; Validate the model with literature data; examine the effect of size, shape, and 

arrangement on RI. Further, we will focus on MWIR. ORMOCHALC high RI Polymer and Si 

nano-particle will be used to synthesis nano-composite. Lastly, Comparing the experiment RI data 

with our FEA model simulation data.  
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Chapter 2: Background 

2.1 Fabry-Pérot (F-P) interference.  

Fabry–Pérot interferometer (also called Fabry–Pérot resonator) was first introduced by 

Charles Fabry and Alfred Pérot in 1899 [1]. The schematic of Fabry–Pérot interferometer is a 

optical Stand-wave resonator. A Fabry–Pérot interferometer consists of two planar mirrors, shown 

as Figure 2.1. In practical, these two mirrors can be two inter-surface of two material who have 

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

A part of the light will be reflected on the first mirror’s 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 length which leads a phase difference. Therefore, an interference will appear for 

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

fringe.  The fringe’s peaks’ wavelength can be calculated by formula:  

 λ=2ndcosθ/m (1) 

where λ is the peak’s location in wavelength, n is the RI of the media, d is the thickness, θ is the 

incident angle of light, m is the peak’s order number.  

Also, researchers can use frequency (f) or wavenumber (ω) to calculate the peaks’ location, 

which is more convenient. Due to when we use frequency (f) or wavenumber (ω), the distance 

between two neighbor peaks(Δω) is constant :  

 ω = m/2ndcosθ or f= m/2ndcosθ (2) 

 Δω = 1/2ndcosθ (3) 

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

 λ=2nd/m (4) 
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 ω = m/2nd (5) 

  

Figure 2.1: F-P cavity schematic and film sample F-P schematic 

 

2.2 Infrared-variable angle spectroscopic ellipsometer (IR-VASE) 

When people measure the thickness or optical constants for a film sample, an ellipsometer 

is a great tool for them. The ellipsometry cannot directly measure the thickness or optical constant. 

The schematic is measuring the polarization when the light was reflected or transmit through the 

film. Two parameters can represent the polarization change and be directly obtained in the 

measurement: amplitude ratio (Ψ), and the phase difference (Δ). The polarization change depends 

on the film thickness and optical constant. Therefore, in post-process people can derive these two 

parameters from the Ψ and Δ by fitting. Also, the ellipsometry can be used for many other fields, 

such as characterizing composition, roughness, doping concentration, crystallinity and other 

material properties related to a change in optical response.  
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Figure 2.2: Ellipsometry schematic 

Ellipsometer directly records the change of p- and s- components upon light reflection or 

transmission. In this condition, the reference beam is necessary to be measured before we measure 

the reflection or transmission light.  

 

Figure 2.3: IR-VASE measurement schematic 

Data analysis proceeds as follows: After we collect the polarization change data, one model 

(such as most typically model for RI measurement: Cauchy model) is chosen or construct for the 

sample. The model is used to describe the optical constant and the thickness of the material. Then 

these parameters will be used to calculate the response from Fresnel’s equation. The calculated 

data will be used for comparison with the experimental measurement data. The number of 
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unknown properties (RI or thickness of film) cannot be more than the parameters’ number 

measured by an ellipsometer. Such as for single-wavelength ellipsometer, the maximum unknown 

properties are two because there are two data points (Ψ, Δ) produced in the measurement. Different 

parameters are given by the fitting program. Finally, the best match, which is qualified by Mean 

Squared Error (MSE) between experiment and calculation curves, will be achieved. Shown as 

Figure 2.4. 

 

Figure 2.4: IR-VASE measurement procedure  

 

2.3 Scanning electron microscope (SEM) 

SEM is one kind of most common electron microscope. SEM produces the high magnitude image 

of the sample by a focused beam of electrons. An SEM scans the specimen’s surface (mainly focus 

on the surface) and scatter the light to the detector. The electron microscope typically can produce 

the image with a much larger magnitude than an optical microscope, so that people can found more 

intrinsic schematic in nanoscale. At the meantime, SEM can also be used for some other 
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applications, such as very dark surfaces that cannot be provided a good quality image in the optical 

microscope. 

 

Figure 2.5: SEM schematic 

The SEM work schematic is shown as Figure 2.5: 1. Electrons are fired into the machine. 

2. The main part of the machine (where the object is scanned) is contained within a sealed vacuum 

chamber because precise electron beams can't travel effectively through air. 3. A positively 

charged electrode (anode) attracts the electrons and accelerates them into an energetic beam. 4. An 

electromagnetic coil brings the electron beam to a very precise focus, much like a lens. 5. Another 

coil, lower down, steers the electron beam from side to side. 6. The beam systematically scans 

across the object being viewed. 7. Electrons from the beam hit the surface of the object and bounce 

off it. 8. A detector registers these scattered electrons and turns them into a picture. 9. A hugely 

magnified image of the object is displayed on a monitor. 
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2.4 Effective medium approximation  

Effective medium approximations (EMA) (also called effective medium theory (EMT)) is 

a kind of method which using approximately analytical modeling to describe the composite 

material’s macroscope properties, such as permittivity and RI. EMA model usually averages the 

properties’ value for each component of the composite material. In fact, in microscale, the phases 

of the composite are inhomogeneous. The properties between different components are variable. 

When researchers propose the EMA method, it was very difficult, sometimes impossible to 

precisely calculate the physical relation for many components. So, estimating results from the 

EMA method, seeing the composite as a whole component and giving an approximate parameter 

of the composite, to a certain extent is acceptable. Therefore, the EMA descripting the composite 

properties base on each components’ properties and their volume fraction.  

Three dielectric models including the Lorenz-Lorentz equation, Maxwell-Garnett equation, 

and Bruggeman equation [10-15] were used to predict the permittivity of polymer composites. The 

general equation for the Lorenz-Lorentz, Maxwell-Garnett and Bruggeman effective medium 

expression is: 

 𝜀 − 𝜀ℎ

𝜀 + 2𝜀ℎ
= 𝑓𝑎

𝜀𝑎 − 𝜀ℎ

𝜀𝑎 + 2𝜀ℎ
+ 𝑓𝑏

𝜀𝑏 − 𝜀ℎ

𝜀𝑏 + 2𝜀ℎ
 (6) 

 

where ε, εh, εa, εb, fa, and fb are the effective permittivity of composite, permittivity of a host 

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

respectively [11]. If the host material is to be empty space (εh = 1), the composite consists of only 

phases a and b. Eq. 6 reduces to the Lorenz-Lorentz expression (Equation 7). If heterogeneous 

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

large enough to have own dielectric identity, embedded in the host material (phase a = 
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nanoparticle; phase b = hosting material, εh = εb), Equation 6 yields the Maxwell-Garnett equation 

(Equation 8). However, for MGT model if fa > fb, a more appropriate choice for hosting material 

would be the phase a. This ambiguity over the host material was resolved by Bruggeman  [16] by 

assuming the inclusions are embedded in the effective medium (εh = ε). The Bruggeman effective 

medium expression is shown in Equation 9. But we should mention that the Bruggeman model 

does not estimate the permittivity well when the particle volume fraction is low. Discrepancy will 

be apparently when fv go to 10 vol% and be dramatical when fv go to 30 vol% [17]. 

 

Figure 2.6: Effective medium theory schematic 

 𝜀 − 1

𝜀 + 2
= 𝑓𝑎

𝜀𝑎 − 1

𝜀𝑎 + 2
+ 𝑓𝑏

𝜀𝑏 − 1

𝜀𝑏 + 2
 

(7) 

 𝜀 − 𝜀𝑏

𝜀 + 2𝜀𝑏
= 𝑓𝑎

𝜀𝑎 − 𝜀𝑏

𝜀𝑎 + 2𝜀𝑏
 (8) 

 0 = 𝑓𝑎

𝜀𝑎 − 𝜀

𝜀𝑎 + 2𝜀
+ 𝑓𝑏

𝜀𝑏 − 𝜀

𝜀𝑏 + 2𝜀
 (9) 

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 serial and parallel manner [10, 18, 

19]. Wiener bounds can be expressed as: 𝜀 
0.5 = 𝑓𝑎𝜀𝑎

0.5 + 𝑓𝑏𝜀𝑏
0.5 (Parallel model) and 

1

ε
=

𝑓𝑎

𝜀𝑎
+

𝑓𝑏

𝜀𝑏
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. Drude model, which is designed for metal material, always exceed the upper limit value defined 

by parallel model:  

 𝜀 
2 = 𝑓𝑎𝜀𝑎

2 + 𝑓𝑏𝜀𝑏
2 (10) 

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

 𝑛 = √𝜇𝜀
 

 
 (11) 

Where 𝜇 is permeability and 𝜀 is permittivity. But for almost all naturally occurring materials are 

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

relation between permittivity ε and RI n.  

 𝑛 = √𝜀 

 
 (12) 

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

following formulas  𝑛e : effective RI; 𝑛𝑖 : RI; 𝑓𝑉 : volume fraction of nanoparticle; i =1 : 

nanoparticle, 2: polymer matrix).  

MGT model is shown as Equation 13. In general, due to assuming the particles are spatially 

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

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

correct only at volume fraction fv <10-5 when there plasmon resonance appears [20].  

 
𝑛𝑒

2 = 𝑛2
2 [1 −

3𝑓𝑣(𝑛2
2 − 𝑛1

2)

2𝑛2
2 + 𝑛1

2 + 𝑓𝑣(𝑛2
2 − 𝑛1

2)
] 

(13) 

Lorenz-Lorentz formula Equation 14 was proposed base on the assuming that RI is only 

related with density of the material. When this model was created, it only focuses on single particle 

which means that this model also did not consider the intersection between particles.  

 𝑛𝑒
2 − 1

𝑛𝑒
2 + 2

= (1 − 𝑓𝑣)
𝑛2

2 − 1

𝑛2
2 + 2

+ 𝑓𝑣 (
𝑛1

2 − 1

𝑛1
2 + 2

) 
(14) 
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Bruggeman model: 

 
(1 − 𝑓𝑣)

𝑛2
2 − 𝑛𝑒

2

𝑛2
2 + 2𝑛𝑒

2
+ 𝑓𝑣

𝑛1
2 − 𝑛𝑒

2

𝑛1
2 + 2𝑛𝑒

2
= 0 

(15) 

Drude model is designed for metal material: 

 𝑛𝑒
2 = (1 − 𝑓𝑣)𝑛2

2 + 𝑓𝑣𝑛1
2 (16) 

Parallel formula (Equation 17) is based on simple two parallel planar plate. Derive the RI 

from average light velocity. It is not design for particle composite at all and did not consider the 

physical phenomenon that will appears on particles.  

 𝑛𝑒
 = (1 − 𝑓𝑣)𝑛2

 + 𝑓𝑣𝑛1
  (17) 

Table 2.1: EMA model summary 

EMA model Formula 

MGT 

(Spherical inclusion) 

𝑛𝑒
2 = 𝑛2

2 [1 −
3𝑓𝑣(𝑛2

2 − 𝑛1
2)

2𝑛2
2 + 𝑛1

2 + 𝑓𝑣(𝑛2
2 − 𝑛1

2)
] 

MGT 

(Cylindrical inclusion) 

𝑛𝑒
2 = 𝑛2

2 [1 −
2𝑓𝑣(𝑛2

2 − 𝑛1
2)

2𝑛2
2 + 𝑛1

2 + 𝑓𝑣(𝑛2
2 − 𝑛1

2)
] 

Bruggeman (1 − 𝑓𝑣)
𝑛2

2 − 𝑛𝑒
2

𝑛2
2 + 2𝑛𝑒

2
+ 𝑓𝑣

𝑛1
2 − 𝑛𝑒

2

𝑛1
2 + 2𝑛𝑒

2
= 0 

Lorenz-Lorentz 
𝑛𝑒

2 − 1

𝑛𝑒
2 + 2

= (1 − 𝑓𝑣)
𝑛2

2 − 1

𝑛2
2 + 2

+ 𝑓𝑣 (
𝑛1

2 − 1

𝑛1
2 + 2

) 

Drude 𝑛𝑒
2 = (1 − 𝑓𝑣)𝑛2

2 + 𝑓𝑣𝑛1
2 

Parallel 𝑛𝑒
 = (1 − 𝑓𝑣)𝑛2

 + 𝑓𝑣𝑛1
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2.5 COMSOL FEA principle for F-P 

FEA aims to reduce the requirement of larger amounts of models and experiment to obtain 

better and more depth perspective of physical phenomenon. In detail, FEA help researchers have 

more efficiently design, optimization and control of the device or experiment process that required 

physical principle. When the FEA methods were introduced, the FEA methods some time are not 

very efficient due to the relatively low computation power of the computer.  However, withing the 

development of computer and FEA software, people can easily use FEA method to solve 

complicated problem in their daily work.  

FEA, in theory, is a kind of method to find approximate solutions of the physical principle 

in the model. (such as stress in a gas cylinder). FEA method discrete the model, sometimes can be 

very complex and irregular model, into finite and simple elements (such as cube or square). Then, 

complex model and calculation and be transfer into many but finite simple model and calculation. 

It also due to discreting the model, the result will be an intrinsic approximate value. However, 

when people set each element fine enough, error neglected result can be achieved.  

The process in FEA method, can be separated into building a confined geometry, giving 

the material properties to geometry, domain and boundary condition setting, and defining correct 

mesh size and type. In order to let the FEA simulation model run, we need firstly build one 

confined geometry model. In this geometry, there cannot be any free space which is not included 

by the model. So that the FEA software can built relation between each element and solve the 

function group entirely. Then every element should be given material properties which are used in 

the calculation. Otherwise there will be extra unknow number appears in the function group. (In 

COMSOL, there is a large material library for user to define the properties of model.) In order to 

get a correct understanding of the physical principle and let the simulation run well, correct 
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boundary condition and domain should be defined. Lastly, we also need to choose the size 

limitation of the elements. Too coarse element will lead to large error; too fine elements will also 

need very long time to compute. In COMSOL, there are some limitation automatically, such as 

elements’ size smaller than wavelength and RI divide factors.  

 

2.6 Mid-wave infrared. (MWIR) 

Midwave infrared (MWIR, 3-5 µm) detectors, sensors, and other optical device are widely 

used in many field. Such as military, industrial and medical [1]. However, traditional polymer 

materials used in MWIR applications are limited, because the C-H chain will have very strong 

absorption peak at around 3.3 μm [1]. Fortunately, researchers reported some novel 

ORMOCHALC polymers (surfur-containing) [2]. These materials have superior transmission 

higher RI on the MWIR [2], which make the polymer used in MWIR application possible.  

 

Figure 2.7: MWIR  
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Chapter 3: FEA Simulation 

3.1 COMSOL model building and preliminary result.  

We created 2-dimensional (2D) and 3-dimensional (3D) nano-composite film sample 

model in optical wave COMSOL modules. The models have 3 layers: air, nano-composite and 

substrate, shown as Figure 3.1.  In order to consider the effect of air, we first built one layer of air. 

When the layer thickness is more than 300 nm, the difference between the result for different layer 

thickness is slight. The objective of substrate layer is strength the reflection of the light wave, so 

that we can have more apparently interference fringes on the spectrum. In order to increase the 

reflection, reduce the noise from the reflection from the bottom of the substrate and, in the 

meantime, obtain a suitable calculation time, we set the substrate’s parameter as n=10, k=40, 

thickness=500 nm (preliminary result shown as Figure 3.2). The air’s parameter is from COMSOL 

library [Ciddor, 1996]. The thickness of the nano-composite layer is set as 1000nm or 3000nm. 

Thickness t should more than 30R [3], where R is the particles’ radius. We demonstrated that there 

is only very slightly different between two thickness’s result (Shown as figure 3.3 and Table 3.1). 

Electromagnetic waves, frequency domain (ewfd) was chosen for study. The wave equation for 

optical modules are: 

 ∇ × (∇ × 𝑬) − 𝑘0
2𝜖𝑟𝑬 = 𝟎 (18) 

 𝑬(𝑥, 𝑦, 𝑧) = �̃�(𝑥, 𝑦)𝑒−𝑖𝑘𝑧𝑧
 (19) 

The boundary condition is shown as Figure 3.1. Port 1 (Green line) and Port 2’s (Blue line) 

Electric field in X direction set as 1V/m. The side lines of the model (red line) is set as Perfect 

electrical conductor. For mesh, we choose Physics-controlled mesh, normal size (Figure 3.1). 
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Figure 3.1: COMSOL F-P 3-layer model, boundary condition and mesh 

 

Figure 3.2: Substrate effect simulation, n=10, k=10, 20, 40 
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Figure 3.3: 2D COMSOL simulation for same volume fraction (19 %) with different thickness.  

Table 3.1: 2D COMSOL simulation for same volume fraction (19 %) with different thickness. 

Thickness 

fringe order 

m 

Wavelength n 

1μm 5 0.62 1.55 

3μm 

14 0.664 1.55 

15 0.62 1.55 

 

The procedure we derive the RI from COMSOL reflectance results is shown as Figure 3.4: 1) 

Build COMSOL model. 2) Run the simulation, get reflectance spectrum with fringes. 3)Locate 

the wavelength of the spectrum peaks and order number. 4)-5) Use F-P equation to calculate the 

effective RI ne.  
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Figure 3.4: Calculation procedure from simulation to effective RI 

 

3.3 Equivalence of 3D and 2D models: 

In order to reduce the calculation time and the difficulty of the model building, we first 

comparing the 2D model and 3D model. 2D model was expected to obtain similar result that the 

error can be neglected with 3D model. Optical properties and morphology properties are based on 

BaTiO3/PMMA composite [21]. Only chose one volume fraction 8% for verification. In the 

meantime, we also decrease the size of the 3D model for less computing time. Calculation range 

from 600nm-1000nm where we can achieve three peaks, shown as Figure 3.5. The result is that 

maximum error is 2 nm, shown as Table 3.2. Therefore, we can think that the difference between 

2D and 3D model are neglectable. 2D model can substitute the 3D model for our simulation. 
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Figure 3.5: Equivalence of 3D and 2D models. (a) 3D and 2D model (b) Reflectance spectrum 

from simulation  

Table 3.2: 2D and 3D model comparing 

Wavelength Error 

3D 2D Δ λ  Δn 

0.608 0.608 0.000% 0 

0.744 0.742 0.269%(2nm) 0.269%(0.004) 

 

3.4 Model Validation: 

For Model Validation, we use 2D COMSOL model with the composite film thickness as 

1.055 um (in order to obtain the fringe peaks at 633nm where is the wavelength measured by 

reference).In the meantime, we also choose 4 EMAs models(MGT, Parallel, L-L and Drude) for 

comparing. Chose 5 different materials from reference. BaTiO3/PMMA composite 

[21],Nb2O5/Acrylic composite [22],TiO2  / PMMA composite [23], ZnO / PMMA composite 
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[24], SiO2/Acrylic composite [22]. All the RI for particle and matrix, and particle size information 

are from reference.  

The first material is BaTiO3/PMMA (Figure 3.6 (a)), the measurement is done at 633nm. 

RI of PMMA=1.49. BaTiO3=2.4. Five different volume fraction 0.08, 0.13, 0.23, 0.36, 0.52 were 

used. The RI of nano-composite are 1.55, 1.58, 1.64, 1.71, 1.82. The COMSOL simulation data 

are 1.55, 1.5825, 1.65, 1.75, 1.92. The result is shown as Figure We can see that at low volume 

fraction (less than 0.25,) the RI predicted by COMSOL match with reference data very well. The 

largest deviation is 0.1 At high fv=0.52.  

The second material is Nb2O5/Acrylic (Figure 3.6 (b)). the measurement is done at 633nm. 

RI of acrylic=1.51. Nb2O5=2.32. Two different volume fraction 0.07, 0.0185 were used. The RI 

are 1.55 and 1.625, respectively. The RI of nano-composite are 1.56 and 1.63 respectively. The 

largest deviation of COMSOL simulation data to reference data is 0.01 when volume fraction 

fv=0.007. For this material, our model’s result match with the reference very good.  

The third material is TiO2/PMMA (Figure 3.6 (c)). The measurement is done at 633nm. 

Three different mass fraction 0.02, 0.05, 0.10 were used. (volume fraction fv=0.0057, 0.0143, 

0.0301). RI are 1.4853, 1.4898, 1.4958, 1.507, respectively. Based on reference , we did the 

simulation. Adjusted volume fraction same with reference. Finally, we can get the COMSOL 

simulation result are 1.4853, 1.4929, 1.5, 1.5094. We can see the COMSOL simulation data is a 

little bit higher than reference. When the fv increase, the data go back to reference data. The largest 

deviation is 0.0042 when the fv=0.01447. 

The fourth material is ZnO/PMMA nano-composite (Figure 3.6 (d)). the measurement is 

done at 633nm. ZnO particle size is 10nm. RI of ZnO is 2.02, PMMA is 1.487.  Four different 

volume fraction 0.0125, 0.0237, 0.0468, 0.776 were used and the RI data from reference are 1.492, 



  23 

 

1.4955, 1.504 and 1.507, respectively. COMSOL simulation results are 1.49668, 1.5028, 1.51014, 

1.52238 respectively. The largest deviation is 0.015 at fv=0.078. 

Last one material is SiO2/Acrylic (Figure 3.6 (e)). The reference data is from  [4], the 

measurement is done at 633nm. RI of acrylic=1.513. SiO2=1.456. (same with reference). Four 

different volume fraction 0.04, 0.14, 0.28, 0.48 were used, and the RI are 1.505, 1.504, 1.489 and 

1.48, respectively. The COMSOL simulation results are 1.51125, 1.505, 1.4975 and 1.48875, 

respectively. The largest deviation is 0.00875 when the fv=0.028 and 0.048. 

From the simulation for five different material we can know that our simulation’s precision 

is high. Except the very high volume fraction nano-composite (BaTiO3 fv=0.36 and 0.52, ZnO 

fv=0.078), the deviations for all simulation data are less 0.65%, shown as Table3.3. Considering 

the difficulty of the high content nanoparticle dispersion and non-perfect dispersion, we can think 

our model is feasible to predict the RI of the nano-composite and in same time, the precision is 

very high. 

Although we get excellent result from our new COMSOL F-P model, we still mentioned 

that our simulation data is not keep a linear trend as EMA models, and the deviation still exist 

especially when the volume fraction goes to very high. Therefore, we do further simulation to 

investigate the factors which will affect the effective RI of nano-composite system.  
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Figure 3.6: Model Validation (a)BaTiO3/PMMA composite ,(b)Nb2O5/Acrylic composite 

,(c)TiO2  / PMMA composite, (d)ZnO / PMMA composite, (e)SiO2/Acrylic composite 
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Table 3.3: Model validation summary 

Material Content Reference COMSOL Error 

BaTiO3 

0.080 1.550 1.550 0.00% 

0.130 1.580 1.583 0.16% 

0.230 1.640 1.650 0.61% 

0.360 1.710 1.750 2.34% 

0.520 1.820 1.920 5.49% 

Nb2O5 

0.070 1.550 1.560 0.65% 

0.185 1.625 1.630 0.31% 

TiO2 

0.006 1.490 1.493 0.21% 

0.014 1.496 1.500 0.28% 

0.030 1.507 1.509 0.16% 

ZnO 

0.013 1.492 1.497 0.31% 

0.024 1.496 1.503 0.49% 

0.047 1.504 1.510 0.41% 

0.078 1.507 1.522 1.02% 

SiO2 

0.040 1.505 1.511 0.42% 

0.140 1.504 1.505 0.07% 

0.280 1.489 1.498 0.57% 

0.480 1.480 1.489 0.59% 
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3.5 Particle size effect 

Seven different particle diameters:  d=20nm, 39.6nm, 51nm, 107.2nm, 138nm, 182nm and 

492nm, RI (n) parameter is Polymer RI=1.5, particle RI=3. (user setting) Same particle volume 

fraction, 19vol%, for all models.  

EMA model cannot consider the particle size effect. In our COMSOL model simulation: 

after d=107.2nm, the effective RI increase. Maximum change is 5% at 3400nm wavelength. RI n 

changed from 1.7 when d=20nm to 1.78 when d=492nm (Figure 3.7). This phenomenon is from 

scattering. When the particle size change, the intensity of scattering is also change, which will 

finally affect the effective RI of the composite. (Detail is shown in Chapter 4.) 

 

Figure 3.7: 2D COMSOL simulation for same volume fraction (19 %) with different diameter. 

Polymer RI=1.5, particle RI=3. E-field map for different sizes in X direction 

 

3.6 Arrangement effect 

Seven kinds of arrangements were used for different models: (1) Uniformed (2) Aligned 

(3) Random (4) Aggregated (5) Top gathered (6) middle gathered (7) Bottom gathered, shown as 
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Figure Same RI (Polymer RI=1.5, particle RI=3) and Same particle volume fraction 19vol% were 

used for all models. 

Result is shown on Figure The differences between (1) Uniformed (2) Aligned (3) Random 

models are very little. Using uniformed model (1) as criterion, the change of aligned and random 

models RI is 0.005 and 0.01. Other 4 kinds of arrangements, (4) Aggregated (5) Top gathered (6) 

middle gathered and (7) Bottom gathered, have larger RI change. Aggregated arrangement (4) has 

an effective RI decreasing to 1.6625. For (5)-(6), Maximum change is 0.065 for (6) middle 

gathered (n from 1.695 to 1.76). We proposed one hypothesis: when particle gather at the area 

having high electrical field intensity, the effective RI will be higher. Replace the particles by one 

single bar element which has same RI with particle and keep same volume fraction. Three 

arrangements were used: top bar (8), middle bar (9) and bottom bar (10). Similar result was 

obtained: m iddle bar model (9) has highest effective RI 2.22. (Figure 3.8) 
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Figure 3.8: 2D COMSOL simulation for same volume fraction (19 %) with different 

arrangement. Polymer RI=1.5, particle RI=3. Wavelength is 3.4 μm. 

 

3.7 Shape and rotation effect 

Five kinds of particle elements were used: circle, square, rectangular with aspect ratio 1:2, 

1:3 and 1:6. Square elements have 2 rotation condition: 0°, 45 °. rectangular elements have 3 

rotation conditions: 0°, 45 ° and 90 °.  Same volume fraction (19 %) and RI (polymer RI=1.5, 

particle RI=3) are used for all model. In the same time particle number keep same. Using circle 

model (n=1.695) as criterion, square and square rotate 45 deg increase slightly. For rectangular 

particle: when long side parallel to Y direction, the RI decrease. Minimum value is 1.65 when 
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aspect ratio is 1:6. When long side is vertical to Y direction, the RI increase. Maximum value is 

1.89 when aspect ratio is 1:6. (Figure 3.9) . 

 

Figure 3.9: 2D COMSOL simulation for same volume fraction (19 %) with different particle 

shape. Polymer RI=1.5, particle RI=3. Wavelength is 3.4 μm 
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Chapter 4: Result and discussion 

4.1 Scattering effect with effective RI [29] 

The fact that light (or EM wave) have different velocity in vacuum and other media origin 

from scattering. Every individual molecules (particles) can scatter a part of primary incident light, 

and then the scattered light waves will interfere with other preliminary incident light, leading a 

phase difference. This kind of phase difference is equivalent to change the light wave velocity.  

Firstly, one macroscope analysis will be give, which is one light go through a plate. Shown as 

Figure 4.1. 

 

Figure 4.1 Laminar scattering analysis 

The fractional decrease of incident light intensity 𝐼 (amplitude is 𝐸 = 𝑒𝑖𝑘𝑅0) by scattering 

when light goes through a tiny thickness t.  𝛼𝑠 is coefficient.  

 
−

𝑑𝐼

𝐼
= 𝛼𝑠𝑡 ≈ 𝐼𝑠 

(20) 

There are Nt atoms per unit area of the lamina. The intensity scattered by a single atom: 

 
𝐼1 ≈

𝛼𝑠𝑡

𝑁𝑡
=

𝛼𝑠

𝑁
 

(21) 

The amplitude scattered by a single atom E1: 
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𝐸1 = √𝐼1 ≈ √

𝛼𝑠

𝑁
 

(22) 

For interference calculation, we must use amplitudes instead of intensities, and the total scattered 

amplitude 𝐸𝑠 when light goes through a tiny thickness t is: 

 
𝐸𝑠 ≈ 𝑁𝑡√

𝛼𝑠

𝑁
 = 𝑡√𝛼𝑠𝑁   

(23) 

For any point P, the total complex amplitude can be obtained by integrating:  

 
𝐸 +  𝐸𝑠  = 𝑒𝑖𝑘𝑅0 +  𝑡√𝛼𝑠𝑁 ∫

2𝜋𝑟𝑑𝑟

𝑅

∞

0

𝑒𝑖𝑘𝑅  
(24) 

Since 𝑅 
2 = 𝑅0

2 + 𝑟 
2, we have 𝑟 𝑑𝑟 = 𝑅 𝑑𝑅. The integrating can be written as: 

𝐸 +  𝐸𝑠  = 𝑒𝑖𝑘𝑅0 +  𝑡√𝛼𝑠𝑁 ∫
2𝜋𝑟𝑑𝑟

𝑅

∞

0

𝑒𝑖𝑘𝑅  

 
∫

2𝜋

𝑅

∞

0

𝑒𝑖𝑘𝑅 𝑟𝑑𝑟 = 2𝜋 ∫ 𝑒𝑖𝑘𝑅 

∞

𝑅0

𝑑𝑅 =
2𝜋

𝑖𝑘
[𝑒𝑖𝑘𝑅 ]  𝑅0

∞  
(25) 

So, we have: 

 
𝐸 +  𝐸𝑠  = 𝑒𝑖𝑘𝑅0 −  𝑡√𝛼𝑠𝑁

𝜆

𝑖
𝑒𝑖𝑘𝑅0  

(26) 

                  = 𝑒𝑖𝑘𝑅0 +  𝑡√𝛼𝑠𝑁 𝑖𝜆𝑒𝑖𝑘𝑅0  (27) 

             = 𝑒𝑖𝑘𝑅0(1 + 𝑖𝜆 𝑡√𝛼𝑠𝑁) (28) 

These will be recognized as the first two terms in the expansion of  

 𝐸 +  𝐸𝑠  = exp 𝑖𝑘𝑅0 exp(𝑖𝜆𝑡√𝛼𝑠𝑁) = exp[𝑖(𝑘𝑅0 + 𝜆𝑡√𝛼𝑠𝑁)] (29) 

Therefore, at point P, the light phase altered by 𝜆𝑡√𝛼𝑠𝑁 . Comparing with macroscope 

observation [29] that phase retardation is 2𝜋𝜆/(𝑛 − 1)𝑡  when light go through a lamina with 

thickness t and RI n, we can build one relation between the scattering and macroscope parameter—

RI. 
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𝜆𝑡√𝛼𝑠𝑁 =

2𝜋

𝜆 
(𝑛 − 1)𝑡 

(30) 

 
𝑛 − 1 =

𝜆2

2𝜋
√𝛼𝑠𝑁 

(31) 

Above equations are all for pure material and were analysis from atom-level. However, 

when when the particle is mixed into matrix and the size will lead a scattering, the total scattering 

will increase. This is equivalent to increase the scattering coefficient to 𝛼𝑠
′ . The effective RI 𝑛′ of 

composite will be:  

 
𝑛′ − 1 =

𝜆2

2𝜋
(√𝛼𝑠

′ 𝑁) 
(32) 

We can get the conclusion: when the scattering strength inner the material increase, the 

macroscope phenomenon will be RI increasing.  

 

4.2 Particle size effect analysis 

Researchers define one dimensionless size parameter when they consider the scattering 

effect strength: q=2πR/λ, where R is the radius of the particle, λ is the incident light wavelength. 

When q<<1, the Rayleigh scattering will dominant. When q ≈1 the Mie scattering will be 

dominant, and the scattering cross-section area (SCA) will go to peak value [3]. For example, in 

our simulation and experiment, if the measurement focus on visible light (such as 633 nm), when 

the particle diameter is 100 nm, q ≈1 and the maximum scattering value will be achieved, shown 

as Figure 4.2.  Also, we can mention that in such wavelength (633nm), in order to get one sample 

neglecting the Rayleigh scattering effect (cross-section area less than 0.001, q is less than 0.1), 

particle small than 10nm will be needed. In MWIR(3-5um), this critical size can increase to 125nm. 

However, in the particle dispersion process, it is almost impossible that dispersion nanoparticle 

without any aggregation and particle grow. Therefore, these threshold diameter values (10nm for 
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visible light and 125nm for MWIR) are easy to achieve in experiments and it is necessary to 

consider the scattering effect to RI. Then, we can calculate the SAC value for each diameter we 

used in our size effect simulation, shown as Table 4.1. According to the calculation result, there 

the threshold value is seems like between 107nm and 138nm because there is an apparent SCA 

change. We can give one hypothesis that after this threshold value, the scattering will apparently 

affect the final effective RI. This hypothesis can be verified by our size effect simulation result 

(Figure 4.3). When particle size less than 107 nm, the effective RI are totally same with all other 

smaller particles. When the diameter goes to larger, the effective will also increase. Such as when 

the diameter is 138nm, the effective RI increase to 1.712 from 1.700. In the meantime, we can find 

that the RI increase is as regular as the diameter increasing.  

 

Figure 4.2: Scattering region of nano-composite. Red circle is the area nano-composite usually 

falls into.  
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Table 4.1: SCA for different particle size 

Diameter 

(nm) 

Area 

(nm2) 

SCA ratio 

2300nm 3400nm 5200nm 

20 314 0.000 0.000 0.000 

39.6 1232 0.000 0.000 0.000 

51 2043 0.000 0.000 0.000 

107 8992 0.006 0.001 0.000 

138 14957 0.016 0.003 0.001 

182 26016 0.048 0.010 0.002 

212 35299 0.089 0.019 0.003 

 

 

Figure 4.3: Particle size effect summary 
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4.3 Arrangement effect analysis 

The particle arrangement effect is also lead by scattering effect. According to particle 

scattering simulation, we could find that when particle gather around the area with high electrical 

field (E-filed) strength, the nano-composite will have higher effective RI. Here we use E-field x 

direction to represent the intensity of light, shown as previous chapter 3 (Figure 3.8) . As the 

equation −
𝑑𝐼

𝐼
= 𝛼𝑠𝑡 ≈ 𝐼𝑠 , the scattering intensity(amplitude) is proportional the light 

intensity(amplitude) around the particle. So, the particle which is located on high strength E field 

will have higher scattering loss. The scattering coefficient 𝛼𝑠 average value based on model that 

have homogeneous dispersion. However, when most of particle gather on high E-field strength 

(high light intensity) area, it is equivalent that more particle will have higher scattering value, and 

𝛼𝑠 increase. According to Equation 32, this result will finally let the nano-composite have higher 

effective RI. 

 Our arrangement effect simulation can support this point very well, shown as Figure 3.8 

and Figure 4.4. In the thickness and wavelength used in simulation. The highest E-field appears at 

the middle of the nano-composite. The aligned, equal distance and random model have Almost 

same effective RI ,1.695-1.705(We trust that when the random model is infinite larger the 

distribution is truly random, the RI will be same with other two model.) For band gathered model, 

we can find that model with more particles at the high E-field area will have higher RI. The middle-

gathered model has largest value n=1.76 (Figure 4.4 (6)). Theoretically, the bottom and top band 

gathered model should have same RI. However, the bottom band model’s effective RI is a little bit 

higher (n=1.74 higher than 1.72). We think this difference is from the substrate effect that higher 

scattering loss will appear around high RI substrate. Continually, single bar element models are 
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used in the simulation. Same principle is obtained. Largest value is 2.2 when then bar is in the 

middle (Figure 4.4 (9)).  

 

Figure 4.4: Particle arrangement effect summary 

 

4.4 Shape effect analysis 

Particle scattering Shape effect is the most complex factor. All orientation, shape and 

aspect ratio need be considered. From the simulation result (Figure 4.5) we can get the conclusion: 

the square particle’s scattering strength is a little bit larger than circle elements which have same 

cross-section area. The effective RI of circle and square elements are 1.695 and 1.705, respectively.  

Further, comparing the square and rectangular elements (not consider the 45deg rotating 

because it has totally different scattering phenomenon), the effective RI will have relation with the 

element’s projected area in light incident direction (on X-axis). According to Equation 20, we can 
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know when scattering strength is higher, the light intensity will lower (E-field in X direction will 

be lower). Finally the nano-composite will have higher effective RI. Our simulation result can 

support this point of view. Four 4 kinds of elements are used: Aspect ratio (AR)=1:1, 1:2, 1:3 and 

1:6. Without rotating 45 deg condition, we totally have 7 kinds of elements condition. As the rank 

of projected area high to low on X direction, they are: AR1:6 Rotate 90 deg (90D), AR 1:3 90D, 

AR 1:2 90D, AR1:1, AR 1:2, AR 1:3, AR 1:6. And their RI are hierarchy: 1.89, 1.795, 1.745, 

1.705, 1.67, 1.66, 1.65, respectively. We derive the E-filed in X direction value along the red 

axis(shown as Figure 3.9 (1)) from the bottom to the top of the nano-composite, Figure. 4.6. The 

lower RI will appear with higher E-filed. 

For the elements who rotate 45 deg, the scattering condition is more complex. According 

to our simulation, our 4 kinds of elements with 45 deg rotating all have same RI in same level, 

around 1.7, from 1.695-1.7075. Largest RI from the square element 45 deg rotating.  

 

Figure 4.5: Particles shape effect summary 
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Figure 4.6: (a). Electrical field intensity change along height location of nanocomposite in shape 

effect simulation (b). partial enlarged drawing of plot (a). 
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Chapter 5: Experimental Verification 

Si nanoparticle is bought from US research materials, Inc. The average size is 15nm.Si 

nanoparticle was functionalized by Oleic acid. ZnS nanoparticle is provide by our collaborator. 

The average size is 10nm. ZnS nanoparticle was also functionalized by Oleic acid.  

5.1 ORMOCHALC synthesis 

vulcanization method was used to synthesize the poly(35%S-r-DIB) [2, 25-28]. The 

elemental sulfur powder (All-Chemie Ltd), which is the backbone material as well as solvent, were 

melted in oil-bath at 135 ℃. The yellow powder first change to orange, then eventually becomes 

viscous red liquid which represent the ring-opening of S8. Due to the high boiling point (230 ℃) 

and available divinyl groups of 1,3-diisopropenylbenze (DIB, TCI America), it was used as the 

crosslinking agent. The Sulfur and 1,3-DIB were measured and mix into a non-stick container. 

Add one magnetic bar and heat at 135℃ for 10 mins. The final solution should become 

homogeneous and viscous. Curing the solution in a vacuum oven at 200℃ for 3hours to complete 

the polymerization reaction. The final product is air-cooled. Solid and dark red poly(S-r-DIB) 

ORMOCHALC polymer were achieved.  

5.2 ORMOCHALC-ZnS nano-composite synthesis 

Measure Oleic-acid functionalized ZnS nanoparticles (10nm) according to the requirement 

(0, 3.3,  9, 12, 16, and 20 wt %), then using ultrasonication disperse them into 1,2-dichlorobenzene 

(DCB, Arcos Organics) for 12 hours.  Centrifuge the dispersed particle solution for 5 mins in 2000 

rpm. Take supernatant to avoid aggregated particles. Measure the poly(S-r-DIB) (35% S) and 

dissolve it into well dispersed ZnS - DCB solution on hot plate for 2 hours, stirring with a magnetic 

stirrer bar. Use ultrasonication to process the ZnS/poly(S-r-DIB) - DCB solution again for 2 hours. 



  40 

 

Final solution was spin-coated on single-side-polished (SSP) wafer in 3000rpm. Using vacuum 

oven, curing the sample for 2 hours in 80 ℃. 

 

5.3 ORMOCHALC-Si nano-composite synthesis:  

Mix grinded Poly(35%S-r-DIB) powder and 1,2-DCB into vial. Do oil bath on hot plate at 

120 ℃ with magnetic bar stirring at 600rpm for 4hours. After purified by PTFE filter, store in 

another clean vial. Mix Si powder (oleic acid functionalized) and 1,2-DCB into vial. Do 

ultrasonication with ultrasonicating probe (EMC Nanotech LLC, Model - DS1000Y, Ultrasonic 

power - 1000W, Probe diameter 6 mm) for 12 hours. Power rate is 40%, process time is 3 s, and 

interval is 7 s. Mix the S-r-DIB and Si solution together according to the requirement. Do 

ultrasonication with ultrasonicate probe for extra 2 hours. Do spin-coating (Setcas Electronics, 

Model KW-4A) on single side polished (SSP) Si wafer and cure in vacuum oven at 80 ℃ for 2 

hours. 4 different volume fraction samples were prepared: (a)2 vol%, (b)4.6vol%, (c)7vol%, 

(d)10vol%. Procedure is shown as Figure 5.1. 

 

Figure 5.1: Experiment procedure 
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The samples spin-coating with film is used for SEM measurement. Due the low 

conductivity of our sample, we control the thickness less 1 um (typically it is around 500nm) for 

good picture quality. The SEM (type number) pictures for all 4 kinds of volume fraction sample 

show as Figure 5.2, which says that the dispersion is very good.  

 

Figure 5.2: SEM images of Si-poly(35%S-DIB) composite(a)2vol% (b)4.6vol% (c)7vol% 

(d)10vol% 

5.4 Refractive index measurement of the nanocomposite and compare with simulation 

Same simulation method was used for Si/poly(S-r-DIB) and ZnS/poly(S-r-DIB) composite.  

Si/poly(S-r-DIB) and ZnS/poly(S-r-DIB) data are all from our lab experiments. Simulation use 

same  
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particle diameter and volume fraction with experiments. 4 EMAs models also been used for 

comparing. The model film thickness was set as 1150nm. All RI data were measured(calculated) 

at wavelength 4μm.  

 

Figure 5.3: ORMOCHALC nanocomposites RI experiment and simulation results(a) Si/poly(S-r-

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

Si/poly(S-r-DIB) sample: the matching between experiment and COMSOL simulation is 

good. The nearest EMAs model to COMSOL result is MGT model. The experiment data is a little 

bit lower than simulation. Maximum different is 0.02427 (1.36%) when Si volume fraction is 

10vol%. 

Analysis for deviation: particle aggregating leads a RI decreasing. Initially, our Si particle’s 

diameter is 15 nm. After the sample preparation, according to the SEM picture, we can find that 

the diameter grows approximately to 30nm, which means that there is some particle aggregated. 

As we above-mentioned, the particle aggregated always lead a RI decreasing.    

ZnS/poly(S-r-DIB) sample: the experiment data does not keep a linear trend. The 

experiment’s data is higher than simulation. Especially at higher volume fraction. Maximum 

difference is 0.0355 (1.95%) when ZnS volume fraction is 7vol%.  
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Analysis for deviation: Particle floating on the surface lead a RI increasing. From the cross-

section SEM picture, we can find that there is a very bright surface of the composite film. It is 

supposed to be the ZnS particle float on the surface. As we above-mentioned, the particle floated 

on the surface will lead a RI increasing.  
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Chapter 6: Conclusion 

Our novel Fabry-Pérot COMSOL model can predict the RI of particle/polymer composite 

with high precision. Three factors can affect the effective RI:  Particle diameter, Arrangement, and 

shape(orientation).  All three factors can lead to a scattering change, which will finally let the 

composite has different effective RI. The conclusion is that: stronger scattering will lead to a higher 

effective RI. In our experiment validation, the COMSOL model results are very near to the 

experiment data. In Si/Poly(35%S-r-DIB) experiment, the maximum deviation of RI is 0.02427 

(1.36%) when Si volume fraction is 10vol%.  
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Chapter 7: Future Plan 

From this thesis, we know that scattering is the main factor of RI discrepancy nano-

composite. In the future, the quantity analysis of RI effect to effective RI will be one direction.  

Along to the development of nano-technology, researchers create novel multi-functional material 

which include two or more kinds of particles [5]. We also mentioned that, previous traditional 

EMA model can only solve the problem that composite system only include one kind of particle. 

Our FEA model, however, it is a kind of physics-based method. So, we can solve the problem 

that composite system include two or more kinds of particle. That will be another direction of 

our research.  

 

Figure 7.1: (a)Multi-kind particles nanocomposite (b) multi-functional particles application in 

medical.  
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