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Chapter 1. Introduction

1.1. Background and motivation

The methods that used the interaction between light and matter to estimate

and quantify the subject in a sample, such as absorption spectroscopy and fluo-

rescence spectroscopy [1–5], are increasingly used in our daily lives. In general,

spectroscopy-based detecting methods will not harm the measured sample because

its principle is based on the substance’s absorption or emission of light. It is widely

used for solid, liquid, or gas sample detection. Spectroscopy can identify whether

the target material is present in the sample and its concentration and degree of

crystallinity. Therefore, it is used in various fields, including biology, chemistry,

and medical measurement [6–13]. Normally, various spectroscopic devices are nec-

essary to evaluate substances based on spectroscopic methods. The spectroscopic

function of these traditional spectroscopic devices is generally divided into four

main categories depending on whether they are based on physical or chemical

principles and regular structures: 1. spectroscopic devices are based on physical

regular structures, such as dielectric filters, grating, prism, etc. 2. spectroscopic

devices based on chemical regular structure, such as Previskite, Metal organic

frameworks (MOF), etc. 3. spectroscopic devices based on chemical random

structure, such as Color filter. However, there have been almost no such devices

for the 4th category of physical random structure-based spectroscopy devices un-

til now. Therefore, here, our research team creatively proposed the concept of

the spectroscopic refractive index matching principle (SRIM). The basic principle

of this concept is that the refractive index (RI) of inorganic materials is greater

than that of organic materials in the visible region. In contrast, in the ultraviolet

(UV) region, the refractive index of organic materials exceeds that of inorganic

materials due to the strong absorption, which caused a refractive index matching

point at a specific wavelength. The organic-inorganic hybrid material behaves as
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Chapter 1. Introduction

transparent for the light corresponding to the wavelength at the cross-point, while

the light acts as scattered for other wavelengths. Such a scattering spectroscopic

material does not require a regular structure, so it belongs to the class of physical

random structures. On the other hand, some optical detection equipment was con-

structed based on traditional spectroscopic devices, such as spectrophotometers,

fluorescence spectrophotometers, etc. They are usually built based on a spatial

optical path system and are often large and heavy because they consist of various

optical components precisely arranged and fixed on an optical substrate, ensur-

ing high measurement accuracy but unfavorable in portability and cost. Here,

our research team has proposed another concept that uses organic polydimethyl-

siloxane (PDMS) as a matrix material to rapidly manufacture printable, mono-

lithic integrated micro-optical sensing/detecting devices through techniques such

as imprinting, transfer printing, and 3D printing. It is called Silicone Optical

Technology (SOT®) [14–17]. Because organic PDMS materials have the char-

acteristics of good flexibility, high light transmittance, strong biological affinity,

and low cost. Based on this technology, so far, our research team has developed

a variety of optical components and equipment, such as flexible optical lenses,

gratings, wavelength conversion filters, etc. And combined with the developed

optical components, our team has developed a portable absorbance measurement

device using the light absorption and scattering suppression structure of dispersed

carbon particles [18]. This portable device can be used to detect various biological

and chemical substances. The successful production of these small, micro-optical

components and equipment based on PDMS matrices not only provides a more

straightforward, faster, and low-cost method for the output of sensing devices and

measuring instruments based on the principles of spectroscopy but also provides

the technical conditions of miniaturization, flexibility, and wearability for general

rigid sensing/ detecting devices, which are highly significant for the upcoming era
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Chapter 1. Introduction

of Internet of Everything. Then, our recent research focuses on combining the

above-mentioned SOT technology and microfluidic technology [19–40] to develop

a miniature optical device that can be used for instant detection of DNA/protein.

The basic principle of their spectroscopy is to use absorbance measurement of

DNA/protein at UV absorption peaks of 260/280 nm [41–43].Hence, a UV trans-

parent spectroscopic material with a narrow bandwidth below 10 nm is required.

Here, in this thesis, based on the novel principle of SRIM and SOT technology,

transparent scattering hybrid materials in a specific wavelength were creatively

developed by dispersing disordered inorganic CaF2 micro-nano particles in an or-

ganic PDMS matrix material. This hybrid material can be used to make modules

and equipment with spectroscopic properties through various methods such as film

formation, potting, vacuum injection. And the transparent scattering filter based

on the hybrid material is flexible, simple, and cheap to manufacture; it does not

require surface polishing and is not limited by the incident angle of the input light.

Then, the hybrid material achieved the tunability of the transparent wavelength

by multi-dispersed matrix materials/nanomaterials based on the effective medium

approximation theory (EMA). Furthermore, the effect of particle size, particle size

distribution, particle concentration, and sample thickness on this scattering spec-

troscopic material is partially explained based on the Rayleigh-Gans-Debye (RGD)

scattering calculation and the Monte Carlo random walk scattering simulation.

Afterward, a spectroscopic material with a transmittance bandwidth of around

10 nm was developed based on the optimal conditions given by the simulation.

It has laid a solid foundation for the subsequent development of DNA/protein

microfluidic photoelectric equipment for medical point-of-care testing [44–59].
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Chapter 1. Introduction

1.2. Chapter overview

The first chapter is the introduction of this thesis. In this chapter, the back-

ground and motivation of this study are mainly described. In addition, the struc-

ture of this thesis and the outline of each chapter are also explained.

Chapter 2 describes the fundamental physical and statistical theories involved

in this study, including the novel spectroscopic refractive index matching (SRIM)

principle and the scattering model constructed based on the physical and statis-

tical theories. The properties of some necessary materials are also described.

Chapter 3 focuses on developing the world’s first flexible scattering filter mate-

rials with transparency at 278 nm, etc. UV wavelengths by dispersing disordered

CaF2 particles into PDMS matrix materials based on the SRIM principle. Then,

a simple RGD and Hulst approximation calculation can clarify the effective trans-

mittance of scattering materials in the UV region. The results of this part have

been reported in Optical Materials Express [60] and Conference on Lasers and

Electro-Optics (CLEO) 2018 [61].

Chapter 4 focuses on tuning transparent peak wavelengths (controlling SRIM

wavelength) by multi-dispersing hybrid materials or external conditions such as

temperature. The transparent wavelength-tunable range is about 30 nm was ob-

tained at this stage. Then, according to the Monte-Carlo theory that considers the

RGD approximation and the experimental results of the diffusing angular distri-

bution of scattered light at different wavelengths, an RW model is constructed to

clarify part of the distribution of scattering light and effective transmittance. The

results of this part have been reported in Optical Materials [62] and Conference

on Lasers and Electro-Optics (CLEO) 2020 [63].

Chapter 5 focuses on finding out the conditions of optimizing sample thickness,

concentration, and particle size distribution for improving spectroscopic perfor-

Kyushu University 5 Zhu Junfeng



Chapter 1. Introduction

mance at this stage by enhancing the RW scattering model in Chapter 4. Then,

the optical module combining CaF2 dispersing PDMS scattering material and UV

LED fabricated at the present stage of optimum conditions achieves an actual

spectroscopic bandwidth of 9 nm. The results of this part have been reported in

Proceeding of The International Society for Optics and Photonics (SPIE) 2021 [64]

and Optical Materials Express [65].

Chapter 6 is the simulation and discussion. It summarizes the evolution of

the RGD-Hulst model, the simple RW model, the improved RW model, their

advantages and disadvantages, and their scope of application.

Chapter 7 is the conclusion. It summarizes the research results of this thesis

and discusses future prospects.

The relationship between the subject matter of this thesis in Chapters 3 to 5

is shown in Figure 1.1. The spectroscopic functions are explored from discovery,

extension to optimization with spectroscopic refractive index matching as the core.
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Spectroscopic function 

based on SRIM

Chapter 3:

Discovery of spectroscopic 

function by SRIM

Chapter 4:

Controlling SRIM 

wavelengths to move 

transparent wavelengths

Chapter 5:

Optimization of fabrication 

conditions to improve 

spectroscopic performance

Figure 1.1: Relationships among the Chapters.The spectroscopic function based on spectroscopic

refractive index matching is the core of this thesis
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Chapter 2. Theory

2.1. Introduction

This chapter will detail the various research theories involved in this thesis.

First, the names and properties of some of the materials used in this thesis to

make spectroscopic scattering materials are shown. Then, the fundamental theo-

ries used in this thesis to develop spectroscopic scattering materials, i.e., spectro-

scopic refractive index matching (SRIM) theory and RGD and Hulst scattering

approximation principles based on various refractive index (RI) differences. Also,

Sellmeier’s equation for simulating refractive index dispersion, effective medium

approximation (EMA) theory for calculating the effective refractive index of mix-

tures are also presented. Finally, the random walk (RW) model based on the

Monte-Carlo principle is also introduced, which is mainly used for the simulation

of scattered light distribution and transmittance in this thesis.

2.2. The properties of Various material in this

thesis

2.2.1 Organic martrix materials

The organic matrix material used in this thesis is mainly PDMS, which is a

high molecular weight compound with a siloxane bond (–Si–O–Si– ) as the main

chain and organic groups attached to the side chains. The molecular structure of

a typical PDMS is shown in the Figure 2.1.
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Chapter 2. Theory

Figure 2.1: PDMS molecular structure [66]

Then, as shown in Figure 2.2, the figure demonstrates some properties of

PDMS, such as flexibility, heat resistance, chemical stability, UV transmission,

bioaffinity, simple curing and molding, transferable complex microstructures, low

cost, etc. In this thesis, high UV transmittance, bio-affinity, and the simplicity of

molding are mainly used in this study.

PDMS

Heat resistance

Low cost

Chemical stability

Optical coupling 

Interface

Biocompatibility

Molecular dispersion Realization 

of various functions

Transferable to 

complex molds

Ultraviolet 

transparency
Flexible

Formable at low 

temperature

Figure 2.2: Advantages of PDMS

Then, some organic PDMS materials were used as matrix materials or additive
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materials in this thesis. Four different PDMS matrix materials are frequently used

in these studies, namely matrix A, B, C, and D. Among them, matrix A, B, and

C can be cured by adding a curing agent. In contrast, matrix D is a pure PDMS

material with low molecular weight (LMW-PDMS), which does not harden even

when curing agents are added. They are numbered as follows.

• Matrix-A: SIM-360 (Made by Shin-Etsu Chemical)

• Matrix-B: KE-103 (Made by Shin-Etsu Chemical)

• Matrix-C: SYLGARD-184 (Made by Dow Corning)

• Matrix-D: RTV thinner (Low molecular weight PDMS (LMW-PDMS), made

by Shin-Etsu Chemical)

Figure 2.3 shows the transmittance spectra of 1mm samples of these four organic

PDMS matrix materials. Matrix A, B, C are the cured samples, D is the liquid

sample. It can be observed that all four PDMS matrices have a transmittance

of more than 60% in the UV region above 240—300 nm. Moreover, the LMW-

PDMS matrix still has high transmittance even in the 200—240 nm UV region.

In addition, as one of several optical parameters of main interest in this thesis,

refractive index dispersions will be given and discussed in the next section of

refractive index matching principles (Section 2.3.1).
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B

D

C

A

Figure 2.3: 1mm thick measured transmittance spectra of solid samples with matrix A, B, C,

and liquid sample with matrix D

2.2.2 Inorganic dispersant materials

There are three primary inorganic dispersant materials used in this thesis,

of which high-purity SiO2 and CaF2 particles are mainly used as dispersants to

produce refractive index matching. In contrast, nano-quantum dot materials are

primarily used as refractive index adjusting agents. SiO2 and CaF2 were chosen

as refractive index-matched dispersants because their refractive indices are close

to those of PDMS, and the high purity SiO2 and CaF2 have extremely high trans-

mittance even in the UV regions. The reason for choosing nano-quantum dot

materials as refractive index adjusting agents is that their refractive indices are

much larger than PDMS, effectively enhancing the refractive index dispersion of

PDMS matrices with a tiny amount of doping. First, SiO2 was selected as shown

in Table 2.1. The SiO2 was Shin-Etsu Chemical powder (X-24-9163A) with an

average particle size of 0.1µm. Then, four different CaF2 powder particles were

selected for the experiments in this thesis. As shown in Table 2.2, the CaF2 pow-
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der I used here was filed by excimer laser window of OKEN (Applied OKEN Co.,

Ltd.) using a hand file, and its particle size was randomly distributed. Powder

II-IV are commodities, and their particle size distribution is shown in Table 2.2.

Then, powder V is made from CaF2 molding material based on an electric router

with a diamond drill, and powder VI is obtained from CaF2 molding material

based on a 3D milling machine with a diamond drill. The effect of the particle

size distribution of CaF2 on the experimental results will be discussed in detail

in Chapter 3 and 5. (The particle size range of CaF2 powders I-IV was observed

using an optical microscope (ECLIPSE TE-2000, Nikon), and CaF2 powders V-

V I were observed using a scan electron microscope (SEM, TM-4000Plus, Hitachi).

They both have an accuracy of about 0.1µm).

Table 2.2: CaF2 powder specification
Specifications I II III IV V VI

Maker OKEN Wako High Purity Chemical Hakushin chemical OKEN OKEN

Particle size

(µm,Measured value)
0.1-10 0.1-10 5-10 5-50 0.1-80 0.1-50

Purity Unknown 99.9 % 99.9 % 99.99 % Unknown Unknown

Product number None LKL 0228 Lot. 4575021 Lot. 805577 None None

Production method
Diamond file

(hand file)
Chemical synthesis Chemical synthesis Chemical synthesis

Diamond drill

(electric router)

Diamond drill

(3D milling machine)

Table 2.1: SiO2 powder specification

Specifications SiO2 powder

Maker Shin-Etsu Chemical

Particle size (µm) 0.1

Purity 99.9 %

Product number X-24-9163A

Production method Chemical synthesis
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2.3. Spectroscopic refractive index matching

2.3.1 Spectroscopic refractive index matching

The basic principle of the new organic-inorganic scattering materials with spec-

tral properties developed in this thesis is called spectroscopic refractive index

matching (SRIM).

SiO2 

CaF2 

PDMSR

λcp1

λcp2

Figure 2.4: Refractive index dispersion of PDMSR [67], SiO2 [68], CaF2 [69]

In this study, the principle of SRIM is based on the difference in the slope of

the wavelength-dependent refractive index dispersion curves exhibited by organic

and inorganic materials. As shown in Figure 2.4, inorganic UV high transmis-

sion materials such as SiO2, CaF2, etc., have a slightly higher refractive index in

the visible region than organic materials such as PDMS due to their relatively

high density. However, their refractive index dispersion is smaller than that of

PDMS in the 200—300 nm range because of their shorter cut-off wavelengths

than organic materials such as PDMS. Therefore as shown in Figure 2.4, CaF2

(SiO2) inorganic materials, and PDMSR organic materials will reach refractive

index agreement at a specific wavelength of λcp2 (λcp1), i.e. they will have an cross
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Except λcp

λcp

CaF2 particle

PDMS matrix

Figure 2.5: Spectroscopic scatterer model

point. Here PDMSR represents the refractive index dispersion curve obtained

from the literature. PDMS from Shin-Etsu Chemical used in this thesis has some

differences from the refractive index dispersion curves of PDMSR because of their

different low molecular content. Therefore, it can be inferred that the mixture of

PDMS and CaF2(SiO2) does not scatter for the light corresponding to the cross

point wavelengths λcp2 and (λcp1). At the same time, it exhibits scattering prop-

erties for the other wavelengths. In other words, the material acts as a spectral

material that allows light at wavelengths λcp2 (λcp1) to pass through the organic

matrix/inorganic particle hybrid and scatters light at other wavelengths. This

new concept is illustrated in the Figure 2.5. In addition, SRIM wavelength is

used in this thesis to represent λcp of two materials.
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2.3.2 Sellmeier equation

To determine the dispersion of light in a medium, based on the dispersion

model established by Cauchy, Wolfgang Sellmeier proposed an empirical equation

known as Sellmeier’s equation [70,71]. It can describe the variation of the refrac-

tive index with the wavelength in a specific transparent medium. The equation is

shown in 2.1.

n2(λ) = A+
∑ Biλ

2

λ2 − Ci

(2.1)

, where n is the refractive index, λ is the wavelength, and A, Bi and Ci are

the empirically determined Sellmeier coefficients. The equation is mainly used to

provide the refractive indices of different kinds of PDMS and combined with the

effective medium approximation theory to simulate the variation of the effective

refractive index dispersion of mixtures in the case of multiple dispersions in this

thesis.

2.3.3 Effective medium approximation theory

The method of analyzing the mixture of two or more materials as a whole and

approximating it to calculate its overall average refractive index and other prop-

erties is called the effective medium approximation (EMA) theory [72, 73]. The

average refractive index of the hybrid materials is also called the effective refractive

index. Generally speaking, there are various theoretical models of EMA theory,

including Lorentz–Lorenz (LL) model, Maxwell–Garnett (MG) model, Brugge-

man model, etc [74–78]. In this thesis, the effective refractive index simulation of

hybrid materials is mainly based on the MG model, and its theoretical formula-

tion is shown in equation 2.2. Because the MG model is more applicable in the

case where the content of randomly distributed doped materials in the matrix is
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low and their interactions do not have to be considered.

n̄2 − n2
m

n̄2 + 2n2
m

=
∑
i

Pi
n2
i − n2

m

n2
i + 2n2

m

(2.2)

, where n̄ is the effective refractive index of the mixture, nm is the refractive index

of the matrix material, and ni is the refractive index of the dispersed (dopant)

material. Pi is the volume fraction of the dispersion (dopant).

2.4. Scattering theory of dispersive refractive in-

dex difference

This section focuses on the soft optical scattering theory used in this thesis.

There are Rayleigh scattering and Mie scattering. Generally, Rayleigh scattering

occurs when the scattering particle size is smaller than the wavelength of the in-

cident light. At the same time, Mie scattering occurs when the scattering particle

size is close to or larger than the wavelength of the incident light. However, the

refractive indices of the mixed materials used in this study are relatively close. In

addition to considering the general cases of Rayleigh scattering and Mie scattering,

the scattering theory in this study needs to consider the special scattering approx-

imation theory for small refractive index differences. That is Rayleigh Gans Debye

(RGD) approximation [79] and van de Hulst (Hulst) approximation [80] theory.

They will be discussed in the next subsections. First, The beer-lambert theory

was used to calculate the effective transmittance in this thesis, as indicated in

equation 2.3.

T = e−σNL (2.3)

, where T is the transmittance in this thesis. L is the sample thickness, N is the

spatial density, and σ is the scattering cross-section area. Also, the spatial density

Kyushu University 17 Zhu Junfeng



Chapter 2. Theory

N is calculated using Equation 2.4.

N =
Pi

4
3
π
(
D
2

)3 (2.4)

Pi is the volume fraction of the sample affected by the dispersing concentration.

D denotes the diameter of the dispersing particles. As a result, the dispersing

concentration and particle size impact the spatial density N .

On the other hand, the scattering cross section area σ is calculated based on

a different approximation theory. They are described in the following subsection.

2.4.1 Rayleigh Gans Debye scattering approximation

According to the Beer-Lambert as mentioned above, two parameters affect

the overall transmittance per unit thickness, the spatial density N, and the cross-

sectional scattering area σ. N is only affected by the concentration and geometry

size of the dispersed particle material. σ is different, as it is affected not only

by the geometry size and size distribution of the dispersed particle material but

also by the refractive index difference of the hybrid material in this thesis. The

cross-sectional scattering area in the general case is calculated as in equation 2.5.

σN = π(
D

2
)2 (2.5)

A particular approximation condition for Rayleigh scattering can be considered

when the refractive index difference between the two materials composing the

mixture is tiny, i.e., the RGD scattering approximation [79]. In this case, although

the geometry of the dispersed particle material is relatively small, it can be larger

than the Rayleigh scattering limit. Then, the RGD approximation is valid, When

conditions of 2.6 are matched.
∣∣∣nd

np
− 1

∣∣∣ ≪ 1

kD
∣∣∣nd

np
− 1

∣∣∣ ≪ 1

(2.6)
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, where k is the wavevector of light in the medium, nd is the refractive index of

the dispersants materials, and np is the refractive index of the PDMS matrix.

And, the scattering cross-section area can be approximated by the equation 2.7

according to the RGD scattering approximation [79].

σRGD =
φ2π(D

2
)2

2
(2.7)

, where σRGD is the RGD model’s scattering cross-section, φ is the phase delay

of the light wave passing through the particle sphere, and it can be calculated by

equation 2.8.

φ =
kDδn

np

(2.8)

, where δn is the refractive index difference between two materials.

2.4.2 Van De Hulst scattering approximation

On the other hand, when condition 2.6 is not satisfied, the Hulst approxima-

tion theory (also known as the anomalous diffraction approximation) [80] will be

considered. Its scattering cross-section σHulst is calculated as equation 2.9.

σHulst = (2− 4

φ
sinφ− 4

φ2
(1− cosφ))π(

D

2
)2 (2.9)

2.5. Random walk scattering model

Although simple transmittance calculations based on RGD and Hulst approx-

imation can be used to model the effective transmittance spectra, they cannot

model the distribution of scattering light. Therefore, a 3D RWmodel using Monte-

Carlo theory and RGD scattering [79] was proposed in this thesis. Compared to

the general Monte Carlo theory-based RW model, this model incorporates the

consideration of the RGD scattering case. It is expected to explain and simulate
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the scattering of optically soft particles under similar conditions. A 2D view of

the 3D RW model is shown in Figure 2.6, which describes the scattering of light

by optically soft particles in the x−z plane. A deflected angle of ∆θ was obtained

after a light beam was injected onto the optical particle. Also, before the light hits

another particle, it passes a distance called the free path l. Finally, the process is

repeated until the total distance passed on the z-axis exceeds t. Each free path l

can be randomly determined, but its average value can be calculated as mean free

path (MFP). MFP can be given by (σsN)−1, where N is the spatial density of

scattering particles, and σs is the scattering cross-sectional area of the particles.

The specific model construction process will be described in Chapter 6.

Incident light 

{(x, y, z), (θ, φ)})}

Free path:  !

"#

 $

 %
&% ' > t

t
z

x

y

Figure 2.6: Light transmission schematic using the RW scattering model
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2.6. Conclusion

This chapter describes the material properties used in this thesis, the theoret-

ical principles, and the simulation models.
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Chapter 3. Fabrication and modeling of transparent/scattering hybrid materials
with UV bandpass filtering properties

3.1. Introduction and purpose

As described in the 1 Chapter, in order to reach the ultimate goal of de-

veloping a UV-transparent spectroscopic material with a narrow bandwidth, the

feasibility of the basic principle of SRIM in the UV region first needs to be veri-

fied. Therefore, we focus on materials transparent in the UV region and devices

with UV spectroscopic properties. However, most organic compounds, such as

polymers, are opaque in UV area, so sample containers and liquid tubes must be

made of SiO2 and some forms of fluoropolymers [81]. Similarly, specific materi-

als with interference structures, such as MgF2 or CaF2, are commonly utilized

to construct UV spectroscopic devices, like the band-pass filters in [82]. While,

in spectroscopic applications like the fluorescence microscopes and absorptiome-

ters, optical filters are the most essential and fundamental components [83]. A

wavelength filtering optical component usually requires an optical-grade surface

prepared by etching, polishing, or imprinting. Furthermore, investigations us-

ing silver and silica layers [84] and nano-imprint lithography [85] have demon-

strated the simpler integration and variety of UV filtering structures. But the

optical surface must likewise be an interference interface. Then, PDMS is used

as an embedding or potting material to fabricate some optical devices, such as

optical lenses [86–89] for smartphone microscopes and microfluidic channels, soft-

lithography techniques [90, 91] based waveguide systems, and optical filters with

dye doping PDMS [92], due to PDMS’s printability, high transmittance in the vis-

ible and UV regions, and ability to provide an optical surface without polishing.

In a prior study, the high transparent PDMS was used to design and build a small

optical system [18] based on soft molding and a single matrix. The techniques like

this one for making a series of optical components and devices based on PDMS

matrix materials are called SOT techniques (mentioned in Chapter 1). There-
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fore, based on the SOT technique and SRIM principle (described in Chapter 2),

a new technique concept for developing band-pass filtering elements is proposed,

the conventional polishing, lithography, or coating is not required. In this chapter,

PDMS organic materials are used as matrix materials. Scattering hybrid materi-

als with band-pass spectroscopic properties that are transparent at each specific

wavelength are developed by simply mixing and dispersing inorganic particulate

materials such as SiO2/ CaF2. The effective transmittance of scattering hybrid

material is calculated based on the RGD and Hulst approximations described in

Chapter 2 by combining the refractive index dispersion measurements of various

PDMS materials. This will contribute to finding the optimum conditions to satisfy

the spectroscopic performance below 10 nm.

3.2. PDMS matrix materials properties

As mentioned in Section 2.3.1, the SRIM principle is based on a slight differ-

ence between inorganic and organic materials’ normal dispersion slopes.(Figure

3.1). Here, the refractive indices of PDMSR, SiO2, and CaF2 are the same as

in Figure 2.4. Incident light of cross-point (λcp1/λcp2) wavelength was expected

to pass through the hybrid medium of inorganic particle and organic matrix,

whereas other wavelengths of light were expected to scatter. Then, the PDMS

refractive indices [67] (PDMS in the literature is labeled PDMSR) may match

those of SiO2 [68] at wavelength λcp1 of 315 nm and CaF2 [69] at wavelength

λcp2 of 355 nm, according to literature. However, the actual PDMS being used

in our study are SIM-360, KE-103, Sylgard-184, and LMW-PDMS (as shown

in Section 2.2.1). Therefore, the actual experimentally derived refractive index

matching points are somewhat different from the intersection points in Figure

3.1. Moreover, Figure 3.1 showed the refractive indices ellipsometer measurement
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results of various PDMS films as matrix candidates (Matrix SIM-360, KE-103,

Sylgard-184; measured using SE-2000, SEMILAB Inc.). These dispersion curves

differ significantly from the data in Ref. [67]. It shows that λcp follow the or-

der SIM-360 >KE-103 >Sylgard-184, which contradicts our experimental data

(KE-103 <SIM-360 <Sylgard-184) stated in next section. Because of the diffi-

culty of n and k reverse fitting techniques, it cannot achieve refractive indices

absolute precision within 0.001 by spectroscopic ellipsometry. Even if the relative

index dispersion in Figure 3.1 was correct, the error of λcp was 4 nm. As a re-

sult, using merely spectroscopic ellipsometry measurements to predict and create

wavelength-transparent materials is still inadequate at this stage.

BC

SiO2 

CaF2 

A

PDMSR

λcp1

λcp2

Figure 3.1: PDMSR (Ref. [67]), SiO2 (Ref. [68]), and CaF2 (Ref. [69]) refractive index dispersion

from literature; PDMS matrix SIM-360, KE-103, Sylgard-184 (matrix-A, B, C respectively)

refractive index dispersion measured by ellipsometer (SE-2000, SEMILAB). SiO2 and PDMSR

have a cross-point wavelength of λcp1, whereas CaF2 and PDMS have a cross-point wavelength

of λcp2

Then, Figure 3.2 demonstrates the calculated PDMS matrices absorption spec-

tra, which were calculated using the measured 1.0mm thick PDMS matrices (SIM-
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360, KE-103, Sylgard-184 in solid-state and LMW-PDMS in liquid state) trans-

mittance spectra (as shown in Figure 2.3). It determines their cut-off wavelengths.

The content of cross-linker molecules in different PDMS matrices is responsible

for the variation in cut-off wavelengths. Matrix LMW-PDMS has the shortest

cut-off wavelength, due to it being almost pure PDMS. As a result, the order

of cut-off wavelengths was determined to be LMW-PDMS <KE-103 <SIM-360

<Sylgard-184. This fits with our experimental data presented in the next section.

SIM-360

Sylgard-184

LMW-PDMS

KE-103

Figure 3.2: Calculated PDMS matrices absorption spectra based on the transmission data in

Figure 2.3

The most successful experimental strategy for mixed chemicals was chosen

based on the early estimates above. Figure 3.3 depicts the sample fabrication

procedure. A planetary centrifugal mixer (KK-50S, Kurabo) was used to mix

SiO2 particles ( X-24-9163A, Shinetsu) or CaF2 particles (OKEN CaF2 window

grinded powder) with PDMS matrices (SIM-360, KE-103, Sylgard-184, and LMW-

PDMS). Debubble was done four times with a mixer, each time for 200 seconds at

1440/1108 rpm (revolution/autorotation). The sample is cooled after de-bubbling

to remove the heat generated by friction. Afterward, adding the curing agent into
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the hybrid and fast mixing for a brief period (90 seconds) to prevent the hybrid

from curing too quickly. Then, Filling the hybrid into a 1mm thick mold, covering

a Polymethyl methacrylate (PMMA) plate, and curing for 10 hours at 50 ◦C, af-

ter vacuum de-bubbling. A spectrophotometer (V-630, JASCO) and microscopic

(ECLIPSE TE2000-U, Nikon) were used to measure the hybrid samples: 1.3mm

thick SiO2: SIM-360 hybrids, 1.5mm, thick 1.3mm, and 1.0mm thick SIM-360

film and CaF2: SIM-360 hybrids; 1.0mm thick KE-103 films and CaF2: KE-103

hybrids, 1.0mm thick Sylgard-184 films and CaF2: Sylgard-184 hybrids, 1.0mm

thick liquid state of LMW-PDMS and CaF2: LMW-PDMS hybrid. Herein, the

transmittance obtained from the experiments in this thesis presents the transmit-

tance results measured under spectrophotometer conditions, also called effective

transmittance. Also, CaF2: PDMS is used in this thesis to denote the hybrid

material of CaF2 and PDMS.

Revolution : 1440 rpm 

Autorotation: 432 rpm

Balancing weight

1 mm thick mold

(6) Vacuum De-bubbling

& Covering, Heating

Adding curing agent 

(Catalyst) 

Planetary centrifugal mixer (KK-50s)

Revolution : 1440 rpm 

Autorotation: 1108 rpm

Balancing weight

(2) De-bubbling & Strong Mixing

4 times

Cooling

(3) Start curing

(4) Quick de-bubbling & Mixing

(1) Mixture preparation

Dispersing SiO2 or CaF2

x% in PDMS 

Grinding the CaF2 windowSiO2 powder

Coating PDMS on assembled

PMMA mold and cured

(reducing bubbles from mold wall)

(5) Potting sample

PMMA cover< -0.1 Mpa

Time : 200 s

Time : 90 s

planetary centrifugal mixer (KK-50s)

Potting Time

thi k ld

Curing Time                                 

Figure 3.3: Fabrication process of inorganic-organic spectrophotometric scattering hybrid film
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3.3. Experiment results and discussion

3.3.1 Results of SiO2 dispesring PDMS sample films

Figure 3.4(a) shows the manufactured SiO2: SIM-360 (matrix-A) films trans-

mittance spectra with different SiO2 concentrations (16, 20, 24wt.%), and Figure

3.4(b) shows the normalized transmittance spectra based on SIM-360 film trans-

mittance. Over the visible wavelengths range, the films are partially transparent,

due to tiny scattering from SiO2 particles (100 nm size). Despite the lack of SRIM

in the estimation from Figure 3.1, the experimental cross-point may be confirmed

around 233 nm as a small transparent peak. This contradicts the estimates shown

in Figure 3.1. Furthermore, the sample’s capacity to obscure visible light is limited

due to the smaller particle size. This constraint can be solved by employing bigger

particles. Despite being a portion of normalized spectra, the peak transmittance

of the sample is 7-80 percent, as illustrated in Figure 3.4(b). Larger scattering is

considered as the main reason for the 2-30% loss (discussed in Section 3.3.3. These

findings revealed that SRIM had an effect on the film’s light transparency. But

the cross-point wavelength was significantly shorter than previously expected val-

ues. Furthermore, the absorption of PDMS substantially influenced the measured

transmittance spectra; thus, the cross-point wavelength λcp needs to be shifted

to a longer wavelength. Despite the fact that greater particle size is expected to

reduce transmittance in the visible region, SiO2 needs to be replaced with other

inorganic materials due to the obtained SRIM wavelength is less influenced by

SiO2 concentration.
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PDMS (Matrix-A)

16 wt.%

20 wt.%

24 wt.%

(a)

(b)

16 wt.%

20 wt.%

24 wt.%

Figure 3.4: (a) Transmittance spectra of 16, 20, 24wt.% SiO2 dispersed in SIM-360 (matrix-A)

hybrid films (1.3mm thick); (b) Normalized transmittance spectra based on the film spectrum

of the SIM-360 matrix.

3.3.2 CaF2 dispersed PDMS sample films evaluation

CaF2 particles are projected to have longer SRIM wavelengths than SiO2 par-

ticles due to the smaller index difference. As shown in Table 3.1, Four different

CaF2 powders (powders I-IV mentioned in Section 2.2.2) were tested by mix-

ing them with four different PDMS matrices. A cured film with 1.0mm thick

was used to evaluate the transmittance of the hybrid samples (SIM-360, KE-103,
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Sylgard-184 matrix). However, a 1.0mm quartz cell was used to measure the

transmittance of hybrid materials with CaF2: LMW-PDMS. Then, Figure 3.5

shows the relationship between the visible transmittance for hybrids with vari-

ous dispersing concentrations. Only powder I’s result indicates a transmittance

peak in the UV area, which is expected. Because the produced powders II—IV

include a few impurities, these powders’ refractive index dispersion curve is higher

than in Ref. [69]. The outcomes of the experiments back this up: Because of the

somewhat bigger refractive index difference in the 500 nm range, powders II—IV

samples had lower transmittance. Therefore, a slight refractive index difference

might induce a significant wavelength shift, or the transparency condition can

vanish, as seen in Figure 3.1. As a result, the transmittance peak in the UV area

was not seen in the findings of powders II—IV. Increasing the concentration and

utilizing a bigger particle size (compared to SiO2: SIM-360 films) are effective ap-

proaches to improving spectroscopic performance. These parameters can increase

the scattering cross-section and the spatial density of CaF2, lowering the visible

region transmittance. Then, peak wavelengths of 251, 259, 278, and 304 nm were

obtained for samples with matrices LMW-PDMS, KE-103, SIM-360, and Sylgard-

184, respectively; this order corresponds to the cut-off wavelength illustrated in

Figure 3.2.
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Table 3.1: Hybrid materials of CaF2 powders dispersed in various PDMS matrices evaluation

Concentration 

(wt.%)
LMW-PDMS KE-103 SIM-360 Sylgard-184

CaF2 powder I 

(fabricated)

10
86.0% (peak @ 251 

nm), 26.3% (400 nm)

65.8% (peak @ 

278 nm), 24.4% 

(500 nm)

67.0% (peak @ 

304 nm) 25.0% 

(500 nm)

20

68.0% (peak @ 

259 nm), 4.9% 

(500 nm)

78.9% (peak @ 

278 nm), 10.7% 

(500 nm)

30

67.8% (peak @ 

259 nm), 2.5% 

(500 nm)

75.4% (peak @ 

278 nm), 5.2% 

(500 nm)

CaF2 powder II 

(commercial)

5
No peak, 52.0% 

(500 nm) 

10
No peak, 

26.7% (500 nm)

No peak, 30.2% 

(500 nm)

No peak, 25.6% 

(500 nm)

No peak, 37.8% 

(500 nm)

30
No peak, 4.4% 

(500 nm)

CaF2 powder III 

(commercial)
30

No peak, 0.7% 

(500 nm)

No peak, 0.7% 

(500 nm)

CaF2 powder IV 

(commercial)

10
No peak, 17.8% 

(500 nm)

No peak, 26.9% 

(500 nm)

30
No peak, 0.9% 

(500 nm)

I 

Peak wavelength: 278 nm

Peak

No peak
II 

III

IV

Figure 3.5: Experimental results of various CaF2 materials. i: powder I dispersed in SIM-360

film at 15, 20, 25, 30, and 35wt.%; ii: powder II dispersed in SIM-360 film at 5, 10wt.%; iii:

powder III dispersed in SIM-360 film at 30wt.%; iv: powder IV dispersed in SIM-360 at 10,

30wt.%
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In Figure 3.6(b) and (d), pictures of CaF2: PDMS hybrid film samples made

by CaF2 powder I and SIM-360/KE-103 confirm that a concentration of 30wt.%

and a thickness of 1mm are appropriate for scattering visible light. It could be

owing to greater size of CaF2’s particle.

(a) (b) (c) (d)

Figure 3.6: The sample images with 1.0mm thickness: (a) SIM-360 (b) 30wt.% CaF2 in SIM-360

(c) KE-103, and (d) 30wt.% CaF2 in KE-103

The transmittance spectra of CaF2: SIM-360 films made with 15, 20, 25,

30, and 35wt.% CaF2 concentrations are shown in Figure 3.7. The raw spectra

are shown in Figure 3.7(a), and the observed error at 220 nm is 0.54 percent.

The normalized spectra of theCaF2: PDMS film with different concentrations

are shown in Figure 3.7(b). The raw spectra’s peak wavelength slightly shifted

to 278 nm because of the influence of PDMS absorption, whereas Figure 3.7(b)

showed a relatively stable transparent peak wavelength about 275 nm.
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PDMS (Matrix-A)

20 wt.%

25 wt.%

35 wt.%
30 wt.%

15 wt.%

(a)

60 wt.%

(b)

20 wt.%

25 wt.%

30 wt.%

15 wt.%

35 wt.%

60 wt.%

Figure 3.7: (a) CaF2: SIM-360 1.0mm thick hybrid films transmittance spectra, sample concen-

trations: 15, 20, 25, 30, 35, and 60wt.%; (b) Normalized transmittance spectra based on pure

SIM-360 film transmittance

As shown in Figure 3.7(b). 90-95% peak transmittances, and less than 20%

visible transmittances were obtained, respectively. With increased CaF2 concen-

tration, the effective bandwidth shrank. 40 nm effective bandwidth (full width at

half maximum, FWHM) was obtained when the CaF2 concentration is 35wt.%.

This means that around 45% 255 nm wavelength light can transmit through the

film, indicating inadequate spectroscopic performance. Hence, raising the con-

centration improves spectroscopic performance effectively because the concen-
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tration can regulate the spatial density CaF2 particles (35wt.% corresponds to

14.7 vol.%). Nevertheless, a high-concentration sample is more difficult to make,

because of the higher viscosity of SIM-360. Despite this, a CaF2: SIM-360 hybrid

film with a 60% concentration still was fabricated using an existing technique.

Figure 3.7 depicts the outcome. The normalized spectrum yielded a bandwidth of

28 nm and visible transmittance of 1.5%. However, scattering causes a 50% loss

at the SRIM wavelength (transmittance peak). The loss reason will be discussed

in Section 3.3.3. As a result, higher concentration should be accompanied by a

better fabrication technique. After that, by changeing the PDMS matrix form, the

different hybrid samples transmittance were fabricated. They are CaF2: KE-103

hybrid films with 0, 20, 30wt.% concentration; CaF2: Sglgard-184 hybrid films

with 0, 10wt.% concentration; and CaF2: LMW-PDMS uncured sample with 0,

10wt.% concentration respectively. The raw transmittance spectra of these hybrid

samples are shown in Figure 3.8. The hybrid samples with matrices LMW-PDMS,

KE-103, and Sglgard-184 had peak wavelengths at 251, 259, and 304 nm, respec-

tively.Moreover, after normalizing the spectrum of Figure 3.8(a), the narrowest

effective bandwidth—28 nm was obtained at this stage (at 30wt.% concentra-

tion). By altering the PDMS matrix, the 260 and 280 nm goal wavelengths for

DNA/protein measurement were achieved, and the obtained wavelengths were 259

and 278 nm, respectively.
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KE-103

20 wt.%

30 wt.%

(a)

(b)

CaF2: 

LMW-PDMS

CaF2: 

Sylgard-184

Sylgard-184

LMW-PDMS

Figure 3.8: (a) 1.0mm thick CaF2: KE-103 hybrid films transmittance spectra. The concentra-

tions of CaF2 ranged from 0 to 30wt.%; (b) 1.0mm thick hybrid films transmittance spectra of

CaF2 in PDMS with Sylgard-184 (film) and LMW-PDMS (uncured sample). The concentrations

of CaF2 ranged from 0 to 10wt.%

3.3.3 Transmittance loss discussion

Although we show that four different CaF2 and PDMS combinations can be

transparent at SRIM wavelengths (peak wavelengths), the peak transmittance of

the normalized transmittance spectra is not 100%. It can be caused by scattering

from (i) microbubble residues during PDMS curing, (ii) internal micro-cracks
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and grooves in fabricated particles, (iii) inhomogeneous distribution of refractive

index due to the presence of low molecular weight siloxanes in PDMS, and (iv)

the difference in refractive index between the matrix and particle’s imaginary

part. Despite the de-bubbling procedures being performed three times in sample

production, the removal performance was restricted by the viscosity and curing

time, as demonstrated in Figure 3.3 and Table 3.2.

Table 3.2: Four types of PDMS matrices have different properties

PDMS Matrices Property Curing condition (℃) Workable time (mins) Viscosity (Pa•s)

SIM-360

Low molecular 

weight siloxane 

(<200ppm) 

23℃, 48h

(150℃, 2h)
100 7

KE-103
Low viscosity 

model 23℃, 72h 180 1

Sylgard-184

Mixed low 

molecular weight 

siloxane
25℃, 48h 90 3.5

LMW-PDMS
Low viscosity 

(liquid) Low

Then, the above four arguments can be stated in more depth as follows. (i)

The CaF2: PDMS films optical microscopic image in Figure 3.9(a) confirms the

presence of residual bubbles. (ii): Figure 3.9(b) shows a scanning electron mi-

croscopy (SEM) image of powdered CaF2 powder, which reveals numerous sub-

micron grooves and cracks. It appeared that filling these grooves with a viscous

PDMS matrix was too harsh. (iii): It appeared to be because of the PDMS pu-

rity. SIM-360 was purified by eliminating low molecular weight siloxane; using

SIM-360, scattering due to (iii) could be reduced, whereas using KE-103, it could

be increased. (iv): Because the scattering increases when the peak wavelength

approaches the matrix’s cut-off wavelength, the scattering is larger in the CaF2

& Sglgard-184 and SiO2 & SIM-360 combinations. From normalized transmit-
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tance measurements of 15—35wt.% CaF2: SIM-360 samples, Figure 3.9(c) shows

maximum transmittance at peak wavelength. The large scattering of maximum

transmittance indicates that (i) may be the main scattering, which could be im-

proved by optimizing the fabrication procedure. In addition, by lowering the scat-

tering of (ii)—(iv), the upper limit of maximal transmittance can be enhanced.

To improve (ii), the CaF2 particle surface smoothing process can be considered

by acid. Furthermore, optimization of (iii)—(iv) can be left out for now due to

the scattering owing to (iii)—(iv) caused a transmittance loss less than 10%.
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30 wt.%

35 wt.%

25 wt.%

20 wt.%

15 wt.%

(a) (b)

(c)

Figure 3.9: (a) 30wt.% CaF2: SIM-360 optical microscope image (measured by ECLIPSE

TE2000-U, Nikon); (b) CaF2 powder I scanning electron microscope image (measured by

SU3500, Hitachi); (c) The maximum transmittance at peak wavelength from normalized trans-

mittance measurement of 15—35wt.% CaF2: SIM-360 samples

3.3.4 CaF2 particle size distribution evaluation

The SRIM wavelength was established by the type of PDMS matrix used in the

previous sections. Whereas the spectroscopic performance of the scattering films

is deemed insufficient for the next application. Apart from concentration, more

elements that affect effective bandwidth should be considered: the particle size

and dispersion of CaF2 particles are the two elements. The microscopic picture
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of the CaF2 powder I (1wt.%) dispersed in the H2O sample is shown in Figure

3.10(a). The particle size distribution according to its statistics is shown in Figure

3.10(b). The most common particle size was 0.1 to 10 µm, and the particle size

distribution may be fitted with a log-normal distribution, as indicated in equation

3.1:
1√
2πxσ

e
(−µ+Log(x))2

2σ2 (x > 0) (3.1)

, where -1.05 and 1.53 are used to fit the µ and σ, respectively.

(a)

(b)

Figure 3.10: (a) optical microscope graph of CaF2 powder I dispersing into H2O sample (con-

centration of CaF2: 1 wt.%) (measured by ECLIPSE TE2000-U, Nikon); (b) CaF2 particle size

distribution calculated from 16 pictures taken under various shooting conditions
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3.3.5 The sample film’s scattering property

The particle size and dispersion of the CaF2 (powder I) is the other 2 parame-

ters influenced the effective bandwidth. It is necessary to construct a calculating

model to guide future research. Because controlling the particle size and disper-

sion of the ground CaF2 particles is difficult in the current production method.

Therefore, the scattered light distribution at different wavelengths was measured

to confirm the scattering pattern. The properties of the visible area transmitted

light was measured based on the setup illustrated in Figure 3.11(a). A CaF2: SIM-

360 hybrid film (1.5mm thick) was placed next to the DPSS laser light source. An

oscilloscope (TDS680B, Tektronix) was used to detect the transmitted and scat-

tering light. Figure 3.11(b) shows the profile of scattering light at a wavelength

of 532 nm. The incident light was scattered in the visible range, and Mie scat-

tering (Hulst approximation, described in Section 2.4.2) could be considered in

this region. The properties of UV area transmitted light were also measured, and

the setup is illustrated in Figure 3.12(a). A UV LED was employed as the light

source, and a 1-mm-diameter pinhole was used to fix the CaF2: SIM-360 (1.0mm

thick). A fiber-coupled spectrometer was utilized to measure the transmitted and

scattering light (HR-4000, Ocean optics). The profile of scattering light at a wave-

length of 300 nm is shown in Figure 3.12(b). Due to the refractive index difference

between CaF2 and PDMS in this region being small, incoming light was almost

not dispersed in this range. Hence, the RGD scattering (RGD model, described

in Section 2.4.1) [79], rather than Mie scattering, should be considered.
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PMT

Rotational stage

Pinhole(1 mmφ)

DPSS Laser 

(532 nm)

Sample film (1.5 mm)

Oscilloscope (TDS680B, 

Tektronix)

60 mm
(a)

(b)

Figure 3.11: (a) Measurement setup of the scattering profile in the visible light area; (b) Visible

scattering profile (CaF2: SIM-360 with 30wt.% concentration, 532 nm incident light)
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(b)

(a)

Rotational stage

UV LED 

(OPTAN, 280J-BL, 

265 ~ 320 nm)

Optical fiber 

(200 μmφ)

Sample film (1mm)

Spectrometer (Ocean optics, 

HR4000, 255 nm ~ 350 nm)

Pinhole(1 mmφ)

20 mm

Figure 3.12: (a) Measurement setup of the scattering profile in the UV light area; (b) CaF2

scattering profile in the UV area (CaF2: SIM-360 with 30wt.% concentration, 300 nm incident

light)

3.4. RGD-Hulst model simulation results

According to the principle of RGD and Hulst approximation in Section 2.4, a

hybrid scattering model with RGD and Hulst model has been developed, and the

calculation model can be switched from the RGD model to the Hulst model using

the phase delay φ (the specific construction process will be discussed in Section

6.1). As a result, the transmittance spectra of light transmitted through a 1mm-

thick sample film (CaF2: SIM-360) were calculated using the mixed scattering

model. It is based on the experimentally measured CaF2 particle distribution and
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the fitted refractive index dispersion. Then, the experimental data fitting result

was shown in Figure 3.13(a). The simulation curve is in excellent agreement

with the experimental data from the wavelength 240 nm to 310 nm. However,

they still have some disagreement in the visible region, where the simulated result

is slightly lower than the experimental results. Because the RGD-Hulst model

cannot calculate the distribution of scattered light, the detailed reasons will be

discussed in Section 6.1. Indeed, it is sufficient for assessing effective bandwidth

and improving spectroscopic performance. As a result, as shown in Figure 3.13

(b), the calculated bandwidth values also be fitted with our experimental results.

These findings were also highly consistent.
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Simulation 

Experiment

Simulation 

Experiment

(a)

(b)

Figure 3.13: Fitting results of RGD-Hulst hybrid model simulation and experiment. (a) Simu-

lation conditions: CaF2: SIM-360, thickness: 1mm, concentration: 30wt.%, particle diameter

and distribution: CaF2 powder I, (b) calculation conditions: CaF2: SIM-360, thickness: 1mm,

concentration: 10–60wt.%, particle diameter and distribution: CaF2 powder I. The bandwidth

(effective FWHM) calculated based on the spectra of 1mm thick CaF2: SIM-360 with the

concentration of 15—60wt.%

Then, different particle sizes and distributions were simulated using a log-

normal distribution and imported into the hybrid model to estimate the trans-

mittance bandwidth of the hybrid film for different particle and distribution cases.

The estimation results are shown in Figure 3.14. Here, (a) depicts the bandwidth
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effect of varying particle size distributions (in the same mean particle size of 1

µm). (b) shows how the bandwidth changes as the average particle size changes

(in the same distribution). The simulation curves in Figure 3.14 clearly show that,

in addition to the concentration, particle size and distribution of CaF2 are crucial

for bandwidth improvement. CaF2 powder with a larger particle size and narrower

distribution is required to improve the spectroscopic performance of scattering hy-

brid filters. When the average particle size of CaF2 is 10 mum, concentration is

raised to 50wt.%, and have the same particle size distribution with experiment, a

bandwidth of 10 nm could be predicted. Therefore, there is room for improvement

in the spectroscopic performance of the hybrid material, particularly in terms of

controlling the size and distribution of CaF2 particles and building a comprehen-

sive scattering model by including multiple scattering calculations considering the

Monte-Carlo theory, which will be discussed in the following chapters.
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10 μm

5 μm

1 μm

0.5 μm

(b)

Polydisperse (Simulation)

Monodisperse (Simulation)

(a)

Polydisperse (Experiment)

Figure 3.14: Calculated results of spectroscopic properties for different particle sizes and dis-

tributions (or experiments) based on lognormal distribution simulations; simulation conditions:

(a) CaF2 mean particle size: 1 µm; monodisperse particles standard deviation is 0 µm (simu-

lation); polydisperse particles standard deviation is 3.4 µm (experiment); polydisperse particles

standard deviation is 9.0 µm (simulation); (b) particle distribution standard deviation is 3.4

µm, average particle sizes are 0.5—10 µm
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3.5. Conclusions

In terms of experimental results, this chapter developed and demonstrated

novel organic/ inorganic hybrid materials with UV spectroscopic function based

on the SRIM concept. It is fabricated by mixing the PDMS matrix and CaF2

particles. The 15wt.% CaF2: SIM-360 sample resulted in a high transmittance of

more than 95%, and the effective transmittance bandwidth is 28 nm for a 1mm

thick sample with 60wt.% dispersion. Moreover, transparent peaks at 251, 259,

278, and 304 nm were obtained, respectively, by using different PDMS matrices

(LMW-PDMS, KE-103, SIM-360, and Sylgard-184), and the order of peak wave-

length agree with the cut-off wavelength order of PDMS matrices. In terms of sim-

ulation results, numerical calculations model based on RGD and Huslt approxima-

tions apply to the 240—310 nm region. Also, the RGD-Hulst model suggests that,

except for increasing concentration, the effective transmittance bandwidth can be

narrowed by narrowing the particle size distribution and increasing the mean par-

ticle size of CaF2. In other words, increasing the scattering cross-sectional area

and spatial density per unit thickness can effectively improve the spectroscopic

performance. Although the RGD-Hulst calculation model can predict effective

transmittance and spectroscopic properties, it cannot explain the distribution of

scattered light. Therefore, it still needs to be further improved.
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4.1. Introduction and purpose

In the previous chapter, the SRIM-based principle developed transparent scat-

tering materials at specific wavelengths in the UV region. It possessed certain

bandpass spectroscopic properties by dispersing inorganic CaF2 particle materials

into organic PDMS materials. Then, in this chapter, we will focus on the tun-

ability of UV transparent wavelength. The UV wavelengths that can transmit

our spectroscopic scattering materials are often used for inactivation work on spe-

cific biological bacteria or viruses [93–101] in low-cost point-of-use (POU) water

purification [102–109]. However, considering that the UV wavelengths that can

effectively inactivate them differ for different biological bacteria or viruses. More-

over, the general UV light source emission spectrum has a certain line width.

When using the specific wavelength of the UV light source sterilization, to avoid

other wavelengths light harm the biological samples. Hence, a deep UV bandpass

filter with a certain peak wavelength tunability is needed. In general, this class

of bandpass filters is fabricated in many ways, such as vacuum deposition [84],

nanoimprint lithography [85], crystal growth processing [110], focused ion beam

(FIB) milling [111–113], inkjet-printing [114], and other innovative methods used

to produce various filters reported. However, the cost of filters made using these

processes is high because most of these manufacturing processes are complex. Fur-

thermore, these filter devices’ various inherent properties, such as incident light an-

gle dependence, surface polishing treatment, and persistent mechanical strength,

limit the flexibility of device applications. Therefore, low-cost filter devices limited

by fewer usage scenarios are necessary. The spectroscopic diffusion materials that

our research team developed meet exactly these requirements. Hence, this chapter

measured samples’ stabilities and transmittance spectra (CaF2-dispersing PDMS

hybrid films) with varied film thicknesses. Changes in the SRIM wavelengths were
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studied with various environmental perturbations such as temperature and strain.

Changes in total diffusion angles were determined experimentally by evaluating

the scattering intensity distributions of film samples at different incident light

wavelengths. Then, the SRIM wavelengths tunability of hybrid materials were

successfully exhibited by dispersing low-molecular-weight PDMS (LMW-PDMS)

and CdSe/ZnS colloidal quantum dots (CQDs). In addition, the construction of

an RW model was completed based on the measured total diffusion angle results.

The construction of this model not only compensates for the shortcomings of the

RGD-Hulst calculation model that cannot simulate the scattered light distribu-

tion but also extends the wavelength range of effective transmittance that can be

simulated.

4.2. Fabrication process of the hybrid films

The manufacturing of CaF2 dispersed PDMS hybrid films is demonstrated in

Figure 4.1. CaF2 molding materials (high-purity, OKEN) were ground using a

diamond drill with an electric router to produce CaF2 powders with micro and

nanoparticles (powder V in Table 2.2). The CaF2 particles were mixed with the

SIM-360 matrix using a mixer at the speed of 1440/1440 rpm (revolution/autoro-

tation) for 200 seconds. Mixing was performed four times to aid in the dispersion

these CaF2 particles. The mixture was then injected with a curing agent (CAT-

360, Shinetsu Chemical) and mixed for 90 seconds at 1440/475 rpm. Then, the

vacuum oven was used to remove air bubbles from the hybrid PDMS solution

before molding. The UV bandpass flexible filter could be obtained by inject-

ing the hybrid solution into the mold, covering a PMMA plate once, curing at

50 ◦C. CdSe/ZnS colloidal quantum dots (CQDs, 8 nm diameter, Mesolight)

or LMW-PDMS as additional dispersants might be added to the aforementioned
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SIM-360 matrix before adding the particles of CaF2 to achieve the tunability

of SRIM wavelength (also tune transmittance wavelength). Finally, flexible and

tunable UV bandpass filters were effectively constructed by varying the types and

amounts of dispersants.

Figure 4.1: CaF2 dispersed PDMS hybrid film fabrication processes. (a) Fabrication and dis-

persion of CaF2 particles in a PDMS, (b) homogenous mixing of PDMS solutions containing

LMW-PDMS or CQDs with CaF2 particles, (c) the curing agent was added to the hybrid, (d)

air bubble removal and mixing of the hybrid solution, (e) the hybrid solution is injected into a

mold, (f) to cure the film after being covered with a PMMA plate
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4.3. Experimental results and discussions

4.3.1 UV spectrum properties of CaF2 dispersed PDMS

hybrid films

As indicated above, three sample films (CaF2: SIM-360) with 0.3mm, 0.7mm,

and 1.1mm thick were manufactured. Figure 4.2(b) shows the normalized trans-

mittance spectra of the film after removing the absorption of the pure SIM-

360 matrix (the transmittance spectra were measured using a spectrophotometer

(JASCO, V-630)). The filters have more than 90% transmittance at 271.5 nm

(0.5 nm), which is a difference of several nanometers from the SRIM wavelength

of the same matrix hybrid scattering material developed in the last chapter (also

in our earlier study [60]). Because the previous powder-making process is more

likely to mix impurities, resulting in changes in the refractive index of the ma-

trix. As with the transmittance spectra of the samples in the previous Section

3.3.1. Low scattering around SRIM wavelengths caused significant UV transmis-

sion. The decreased visible transmittance is owing to higher scattering generated

by about 0.02’s refractive index difference in the visible light area. The data pro-

vided in Figure 4.2(a) can also explain this phenomena. After passing through

a sample with 1.1mm thickness, some representative scattered profiles were cap-

tured and presented on a white paper screen under varied wavelengths of incident

light (produced by a femtosecond laser, Spectra Physics). When the incident light

wavelength is more than 400 nm, the profiles of scattered light rapidly evolve into

circles because of the intense scattering generated by the constantly increasing

difference of refractive index. Only minor RGD scattering was observed around

the 272 nm area, where the refractive index difference here is negligible [60, 79].

As a result, most UV lights with wavelengths approaching the SRIM wavelength
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and a part of other wavelengths lights entered the spectrophotometer’s detector

at a specific acceptance angle, causing a bandpass transmittance phenomenon, as

shown in Figure 4.2(b). Because of increased light scattering, the hybrid film’s

effective bandwidth reduced from 168 nm to 60 nm as the thickness rose. This is

because, based on the Beer-lambert theorem, the transmittance corresponding to

non-SRIM wavelengths decreases as the thickness increases.

(a)

No sample 272 nm 280 nm

300 nm 400 nm 532 nm

(b)

0.3 mm sample

0.7 mm sample

1.1 mm sample

1.1 mm PDMS

Figure 4.2: (a) Spatial scattering intensity profile with different input light wavelengths (When

the cross optical spot through the 1.1mm thick sample film); (b) 0.3, 0.7, and 1.1mm thick

hybrid films normalized transmittance spectra, they are fabricated by dispersing 30wt.% CaF2

particles in the PDMS matrix; and a 1.1mm thick pure PDMS film transmittance spectra

(SIM-360, cured for 28 hours)
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Then, as shown in Figure 4.3, the different film thickness filter’s peak wave-

lengths were recorded with the change of curing time. It is derived that the

filter’s peak wavelengths tend to stabilize after 28 hours of cure time. The PDMS

molecules were not entirely cross-linked in the early curing process, and the resid-

ual crosslinker has an absorption around 240—280 nm UV area. The transmit-

tance spectra of the PDMS film at various curing times were tested to demonstrate

this consider, as shown in Figure 4.4. Figure 4.4 shows how the transmittance

spectra of the PDMS film evolve with curing time at a temperature of 50 ◦C.

The cross-linking of some PDMS molecules was not completed after 4 hours of

curing, resulting in relatively high UV light absorption in the 240—280 nm region.

The absorption of the film in this range decreased as the PDMS was fully cured.

Finally, when the cure duration was more than 28 hours, the transmittance spec-

trum of the PDMS film tended to remain steady. As a result, compared to the

fully cured sample, the CaF2: PDMS film peak wavelength redshifted during the

early curing process. With increasing curing time, the actual peak wavelengths of

the various samples were nearly all kept at around 272.5 nm (about 271.5 nm af-

ter subtracting the PDMS absorption). Furthermore, consistent peak wavelengths

show that tiny thickness adjustments in the PDMS films have little effect on the

filter’s peak wavelength.
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0.3 mm sample

0.7 mm sample

1.1 mm sample

Figure 4.3: The change in the peak wavelength of the filters as the curing time increases

4 hours

28 hours

76 hours

Figure 4.4: The 1.1 mm thick PDMS (SIM-360) films transmittance spectra at various curing

phases
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4.3.2 Properties of CaF2 dispersed PDMS hybrid films at

temperature and strain dependence

Considering the practicality and versatility of CaF2: PDMS hybrid films as UV

bandpass filters, it’s important to investigate how the filters respond to strain and

temperature variations. Figure 4.5 displays a spectrophotometer, a homemade

heater, and strain measurement instrument used to examine fluctuations in the

UV spectrum properties of the filters. As shown in Figure 4.6(a), heating the

sample from 25 to 35 degrees Celsius causes the filter peak wavelength to shift by

around 15 nm. Temperature dependency is basically the same in hybrid films of

various thicknesses. The PDMS’s thermo-optic coefficient is primarily responsible

for the peak wavelength blueshift as temperature rises. Because the PDMS’s

negative thermo-optic coefficient (−4.5×10−4 ◦C−1) [115,116], which is one order

higher than CaF2 (−1.27×10−5 ◦C−1) [117]. Hence, the PDMS matrix dispersion

curve decreases more as temperature rises, resulting in the cross-point of the CaF2

and PDMS blueshifted, as shown in Figure 4.6(b). The PDMS matrix dispersion

curve was simulated by Sellmeier equation [67,118–120], and the CaF2 dispersion

curve was derived from literature [69]. The 1.5 nm ◦C−1 experimentally observed

curve slope indicates the filter’s temperature response. This is similar to the

simulated results of 1.9 nm ◦C−1. Moreover, the different thicknesses filter’s peak

wavelength shifts within 12% stretching ratios (interval of 2%) were evaluated

to reveal the stability of the filter during the deformation process, as shown in

Figure 4.7. It can be shown that as the stretching ratio is increased, the filter’s

peak wavelength does not change significantly. The stability of deformation is

beneficial in extending the UV bandpass hybrid material’s applications.
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Detector

Sample

Incident light

Cu sheet

Heater

Scattering light

Strain  

measurement tool

Figure 4.5: Measurement setup of the strain and temperature response characteristics of CaF2-

dispersed PDMS hybrid films
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(a)

(b)

SIM-360 (RT)
CaF2

SIM-360 

(Rising 1 ºC) 

Experimental

data

0.3 mm 
0.7 mm 
1.1 mm 
Fitting

Figure 4.6: (a) The temperature-dependent of the various thicknesses samples peak wavelengths;

(b) Numerical simulation of CaF2 [69] and PDMS refractive index dispersion (SIM-360). The

blueshift of the PDMS matrix’s dispersion curve corresponding to a 1 ◦C temperature change

is shown in the inset
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0.3 mm 

0.7 mm 

1.1 mm 

Figure 4.7: Strain affected the peak wavelengths of various thicknesses samples

4.3.3 Scattered light distribution measurement and simu-

lation results based on random walk scattering model

The random walk (RW) scattering model was built to simulate the scattering

light of CaF2:PDMS hybrid films, according to the theory in Section 2.5 and the

specific construction process in Section 6.2.1. The total diffusion angles after the

different wavelengths of incident light pass through the hybrid film were mea-

sured as an essential input parameter of the scattering model before executing

the simulation of UV filtering capabilities. A femtosecond laser was employed in

our research to provide varied incident light wavelengths. A conversion screen

was used to gather scattered light in a specific angle range when light from a

slit (d = 0.2mm) passed through a CaF2: PDMS sample. The spatial inten-

sity distributions of scattered lights were recorded using a charge-coupled device

(CCD) camera, as shown in Figure 4.8(a). The normalized total diffusion angles

of sample film were calculated based on the scattered light distribution along the

direction perpendicular to the slit, and the results showed in Figure 4.8(b). The
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exact computational process is described in the following.

(a)

Microscope

(x60)

Camera

250-450 nm

10 mm

t = 1.1 mm 

or 0.3 mm

Slit, d = 0.2 mm φ

Sample

Pure PDMS

TOPAS Prime

NIRUVIS

(Spectra Physics)

UV→Vis 

Conversion screen

OPA Laser

Sample

PDMS

(b)

Figure 4.8: (a) Diagram of the measuring setup for determining the hybrid film’s total diffusion

angle; (b) The normalized total diffusion angles for the various incident light wavelengths

For example, the process of diffusion angle measurement at 278 nm is: af-

ter the slit incident light passes through the PDMS matrix and CaF2 dispersed

PDMS sample film, the scattering intensity profiles of scattered light will be ac-

quired using the measuring setup given in Figure 4.8(a). Then, as illustrated in

Figure 4.9, image processing was used to derive 278 nm light scattering inten-

sity distributions along the direction perpendicular to the slit corresponding to

the PDMS matrix and CaF2 dispersed PDMS film sample. The double Gaussian

function was applied to match the scattering intensity distribution data. It is, in

fact, the superposition of two single Gaussian distributions, N(µ1, σ
2
1)+N(µ2, σ

2
2),
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where µ1, µ2, σ1, and σ2 denote the expectation and standard deviation of the

two single Gaussian distributions, respectively. σPDMS1 ≈ σsample1 was used in

the fitting process to calculate the relative diffusion angle of the scattering light.

The following equation 4.1 was used to compute the total diffusion angle:

2× tan−1(
2.355×

√
σ2
sample2 − σ2

PDMS2 × L1

2× L2
) (4.1)

, where σPDMS1 and σPDMS2 are the standard deviations of two single Gaussian

distributions of scattered light passing through the PDMS matrix, σsample1 and

σsample2 are the standard deviations of two single Gaussian distributions of scat-

tered light passing through the sample film, L1 is the pixel size, and L2 is the

distance between the sample and the screen. The normalized total diffusion angle

distribution was obtained by dividing the square root of the sample thickness at

different incident light wavelengths.

PDMS film

Sample film

Experimental data

Fitting data

Figure 4.9: Relative intensity distributions of 278 nm scattered light passing through PDMS

matrix or CaF2-dispersed PDMS sample films (1.1mm) and results of double Gaussian fitting

(R2 >0.999). A pixel is equal to 4 µm in length

Then, according to Figure 4.8(b). the overall diffusion angle was clearly ap-
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proaching zero near 272 nm. This is essentially the same as the peak wavelength of

the hybrid film. The total diffusion angles in the wavelength range of 257—287 nm

were calculated using a 1.1 mm thick hybrid film sample, the 250—256 nm and

288—450 nm were calculated using a 0.3mm thick sample. This is because in

wavelength ranges with large refractive index differences, the 1.1 mm sample film

scattering was significant. The recorded diffusion angle was less than the real value

because the current measurement method is not sensitive to scattering light with

large diffusing angles. To appropriately evaluate the optical scattering intensity

distribution, the light scattering can be decreased by using a thinner sample or

decreasing the doping concentration. Next, the scattering model was completed

based on the RW model in Section 6.2.1. Input variables such as dispersant con-

centration, sample thickness, CaF2 particle size, detector acceptance angle, the

difference of refractive index between CaF2 and PDMS corresponding to a specific

wavelength, and the single diffusion angle corresponding to the refractive index

difference were used to run a random walk scattering simulation. The output re-

sults of the simulation are the transmittance as well as the total scattering angle

distribution, etc. Herein, the difference in refractive index was the only cause of

the single diffusion angle in this case. Hence, the change in single diffusion angles

with modifications in the refractive index difference was certain in the specified

scattering model. The specific computational process of a single diffusion angle is

described as follows.

Similarly, the calculation process at 278 nm wavelength, as an example, was

taken. First, the relationship between the total diffusion angle and the single

diffusion angle calculated based on the RW scattering model is shown in Figure

4.10. After that, the corresponding value of the single diffusion angle is inversely

inferred by bringing in the total diffusion angle obtained from the experiment. The

specific calculation process is: the matching total diffusion angles were generated
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by inputting varied original values of single diffusion angles, as shown by the black

dots. After obtaining the relationship between the total diffusion angle and the

single diffusion angle quantitatively by nonlinear fitting to the black spot, the

value of the single diffusion angle is determined by considering the actual size of

the total diffusion angle.

Simulated data

Fitting data

Figure 4.10: The simulation result of the relative relationship between the total diffusion angle

and single diffusion angle for a 30wt.% CaF2 dispersed PDMS 1.1mm thick film sample at a

wavelength of incident light of 278 nm. The following is a description of the nonlinear fitting

equation: y = 0.491/(x+ 0.018)

After that, the variation of the single diffusion angle with the refractive index

difference can be obtained based on the simulated relationship (showed in Figure

4.8(c)) between the refractive index difference and the wavelength, as shown in

Figure 4.11(a). Also, the probability density function of the free path is consid-

ered as fFP (x) (as shown in Equation 6.3). The detailed procedure is described

in Section 6.2.1. Then, according to the RW model, the UV light filtering prop-

erties of 0.3mm and 1.1mm thick film samples were simulated from 250 nm to

450 nm, based on a linear fitting relationship between the refractive index differ-
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ence and predicted single diffusion angle (γ = 0.29∆n). As shown by red dots in

Figure 4.11(b). When compared to the above-mentioned experimental results, it

was demonstrated that the estimated spectrum data accurately reflects the hybrid

films’ light transmittance. In the 350—450 nm wavelength area, the simulation

findings were marginally higher than the experimental results for the 1.1mm thick

film sample (lower curve in Figure 4.11(b)). This is because all directional scat-

tering in this region is overly intense, resulting in larger experimental diffusion

angle errors. The use of an RW scattering model to predict the CaF2: PDMS

hybrid film’s transmission performance in the UV region is thus plausible.
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Experimental data

Simulation data

Simulation data

Fitting data

(a)

(b)

Figure 4.11: (a) Estimated correlation between refractive index differences and single diffusion

angles (fitting curve: γ = 0.29∆n); (b) The experimental and estimation (using the single

diffusion angle fitting results in (a)) transmittance comparison

4.3.4 LMW-PDMS or CQDs multiple dispersed for the trans-

mittance peak tunability

Since the transparent wavelength of the hybrid film is determined by both the

absorption of the material and the SRIM wavelength. So the method of actively

tuning the transparent wavelength is to tune the position of the SRIM wavelength.

According to the EMA theory in Section 2.3.3, the PDMS matrix’s refractive in-
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dex dispersion is considered to be changed by doping some materials to modulate

the SRIM wavelength. So, LMW-PDMS and CQDs materials were mixed with

the SIM-360 matrix to change the refractive index. Then, they are mixed with

CaF2 to change the SRIM wavelength. The sample fabrication process here is

as described in Section 4.1. Then, the raw transmittance spectra of CaF2 dis-

persed PDMS film filters with various LMW-PDMS and CQDs dispersing doses

are shown in Figure 4.12. Herein, the peak wavelength transmittances of sam-

ples were marginally lowered while using the LMW-PDMS-dispersed film filter.

This occurs because the addition of LMW-PDMS increases the absorption of UV

light. On the other hand, the samples with CQDs dispersion have a significant

decrease in peak transmittance with increasing CQDs concentration. Due to the

lack of affinity between PDMS and CQDs, high-concentration CQDs dispersants

generated significant aggregation problems. These aggregation problems, com-

bined with the strong UV absorption of CQDs, lead to a rapid decrease in the

transmittance of the hybrid films at the peak wavelength.
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20 vol.% LMW-PDMS

50 vol.% LMW-PDMS

10 vol.% LMW-PDMS

0 vol.% LMW-PDMS

(a)

1.4 wt.% CQDs
0.86 wt.% CQDs

0.14 wt.% CQDs
0 wt.% CQDs

0.43 wt.% CQDs

(b)

Figure 4.12: (a) Raw transmittance spectra of 1.1mm thick film filters made by dispersing 0,

10, 20, and 50 vol.% LMW-PDMS into a 30 wt.% CaF2: PDMS (SIM-360) hybrid material; (b)

Raw transmittance spectra of 0.3mm thick film filters made by dispersing 0, 0.14, 0.43, 0.86,

and 1.4wt.% CQDs into the 30wt.% CaF2: PDMS (SIM-360) hybrid material

After that, the shift of the peak wavelength was calculated based on the ex-

perimental results of transmittance. A peak wavelength blueshift or redshift of

the hybrid film filter was obtained, as shown in Figure 4.13 and 4.14.
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(a)

(b)

10 vol.% RTV

0 vol.% RTV
CaF2

20 vol.% RTV
50 vol.% RTV

Experimental data

Figure 4.13: (a) Changes of peak wavelength with 0—50 vol.% LMW-PDMS (RTV thinner)

dispersing concentrations; (b) Comparison between experimental and simulation at different

LMW-PDMS dispersion concentrations. Herein, 30wt.% CaF2: PDMS (SIM-360) as a basis

hybrid material; LMW-PDMS dispersed sample thickness was 1.1mm; the experimental results

in (a) is obtained based on the raw transmittance spectra, while the experimental results in (b)

is obtained based on the transmittance spectra after removing the PDMS matrix absorption
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(a)

(b)

0.14 wt.% CQDs
0 wt.% CQDs
CaF2

0.43 wt.% CQDs

1.4 wt.% CQDs

Experimental data

0.86 wt.% CQDs

Figure 4.14: (a) changes of peak wavelength with 0—1.4wt.% CQDs dispersing concentrations,

(b) comparison between experimental and simulation at different CQDs dispersion concentra-

tions. Herein, 30wt.% CaF2: PDMS (SIM-360) as a basis hybrid material; CQDs dispersed

sample thickness was 0.3mm; the experimental results in (a) is obtained based on the raw

transmittance spectra, while the experimental results in (b) is obtained based on the transmit-

tance spectra after removing the PDMS matrix absorption

Herein, the hybrid film’s peak wavelength was blueshifted 10 nm by dispers-

ing 50 vol.% LMW-PDMS, as seen in the figure 4.13(a). It demonstrates the

hybrid film’s spectral tunability. The dispersion curves of hybrid materials with

varied dispersant concentrations were then generated using the Maxwell-Garnett
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model [76–78] to theoretically illustrate these results, as shown in Figure 4.13(b).

The peak wavelengths of the hybrid films were extremely close to the modeling

findings after removing the absorption influence of the matrix. This is consistent

with the theoretical conjecture that the peak transmittance wavelength should co-

incide with the SRIM wavelength after removing the matrix absorption. On the

other hand, the peak wavelength of the CQDs dispensing CaF2: PDMS hybrid

film filter was redshifted by approximately 17 nm, when the CQDs concentration

was increased to 1.4wt.%, as shown in Figure 4.14(a). The simulation results

of the refractive index dispersion curves of hybrid materials with various CQDs

dispersing doses are shown in Figure 4.14(b). Similarly, after removing absorp-

tion effects in the experiments, the peak wavelengths of the hybrid films were

nearly identical to the wavelength values corresponding to the refractive index

cross points. In this concentration of 1.4wt.%, the theoretical and experimental

results of the SRIM wavelengths are somewhat disagreed. As described above,

the sample transmittance at this concentration is extremely low due to the aggre-

gation of CQDs, etc., resulting in a large experimental error. In future research,

modified CQDs dispersants are expected to increase their dispersion in the PDMS

matrix.

4.4. Conclusions

In terms of experimental results, this chapter evaluates the effects of thick-

ness, strain, and temperature on the SRIM wavelength of scattering spectroscopic

hybrid materials. Among them, only the response for the temperature change

is significant, reaching 1.5 nm ◦C−1. In addition, the approach of multiply dis-

persed spectroscopic materials that can continuously tune to SRIM wavelengths

was confirmed experimentally. The maximum control range of SRIM wavelengths
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was -10 nm obtained for 50 vol.% LMW-PDMS dispersion and +17 nm for 1.4wt.%

CQDs dispersion. This result is also consistent with the results based on EMA

theoretical calculations. In terms of simulation results, the simple RW scatter-

ing model based on Monte-Carlo theory and considering the RGD approximation

extends the applicability range to 250—400 nm and allows the model to simulate

the scattered light distribution. It compensates for the shortcomings of the RGD-

Hulst model. However, the model is only applicable in the UV region when thin

sample thickness. Therefore, it still needs to be improved.
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5.1. Introduction and purpose

In Chapter 3, a new flexible spectroscopic scattering filter material transpar-

ent at a specific UV wavelength based on the SRIM principle utilizing inorganic

particles dispersing organic materials is developed. Then, in Chapter 4, the tun-

ability of transparent wavelengths was achieved by the refractive index adjust-

ment of multiple dispersions. In this chapter, we will focus on the optimization

of the spectroscopic properties of this flexible material and its application pos-

sibilities in integrated optoelectronic devices. In recent years, flexible integrated

optoelectronic devices have made great progress [121–128]. The shortcomings

of traditional electronic devices, such as their hard, weight, non-portability, and

complexity production methods, are increasingly being overcome. However, The

optical components being integrated into optoelectronic devices also need to be

flexible due to the overall device flexibility and wearability requirements. Because

of its flexibility, high light transmittance, biocompatibility and low cost, many op-

tical devices based on PDMS materials have been developed. For example PDMS-

based lenses [87,89,129,130], filters [92,131,132], and gratings [133–136]. Here, As

mentioned in the introduction, we also proposed an approach called silicone opti-

cal technology (SOT®) [14–18] to rapidly fabricate small optical sensing/testing

devices using PDMS materials. A series of optical components using the technol-

ogy, including flexible optical lenses, gratings and wavelength conversion filters,

have been created. Our latest research focused on constructing DNA/protein mi-

crofluidic optoelectronic devices that can be employed for fast diagnosis. In this

application, a UV light filter with a filter capacity of about 10 nm is required for

distinguishing measurement. Because DNA/protein have close absorption peaks

at 260/280 nm, respectively [41,42]. However, this kind of narrow-band UV band-

pass filter often needs a complicated fabrication process, some surface polishing,
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high fabrication cost, and performance related to incident light angle, which makes

it difficult to integrate them into the microfluidic system. As a result, a novel scat-

tering filter hybrid material was demonstrated based on the SRIM principle by

dispersing CaF2 particles in PDMS in the previous Chapter 3. The manufacture

of the UV transmission scattering filter is flexible, easy, cheap, is not limited by

the incident angle of the input light, and can be applied to microfluidic systems

by simple injection, potting, and other methods. Then, in Chapter 4, the disper-

sion of multiple dispersant materials, such as CQDs, was used to demonstrate the

tunability of the filter’s transparent wavelength, revealing its potential as a new

material to fabricate arbitrary wavelengths transparent flexible bandpass filters.

However, due to the constraints of the manufacturing method, conditions, and the

manufactured CaF2 particle distribution. In previous experiments, the best effec-

tive performance of hybrid filter material was about 30 nm FWHM. According to

the beer-Lambert law, the spatial density (depending on particle concentration

and particle size), sample thickness, particle size, and particle size distribution

are the main determinants of reducing the effective bandwidth of the transmis-

sion spectrum. As a result, in Chapter 3, the RGD–Hulst model [79, 80] only

partially reproduced the experimentally obtained effective transmittance spectra

(in the 240—-310 nm wavelength region), and it is shown that increasing the CaF2

particle size (in a certain range) and decreasing the particle size distribution can

effectively reduce the transmittance spectrum bandwidth. However, since the

model does not account for scattering light distribution, it is unable to predict

the effective bandwidth when the scattered light reception conditions are changed.

In Chapter 4, an RGD-considered 3D random walk (RW) scattering model was

demonstrated. An ”equivalent diffusing angle per single-particle” (single diffusing

angle) was devised and determined as a function of the refractive index difference,

which solved the difficulty to simulate the scattering light distribution in Chapter
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3. Also, the RW model broadens the range of applicable transmittance bands. It

can be utilized to forecast the spectroscopic performance of scattering materials

under a certain range of concentrations and thickness conditions. However, it

is unable to quantitatively forecast the spectroscopic performance of thicker and

higher concentration hybrid materials or the effect of particle size and distribution

on spectroscopic performance. As a result, this chapter combined an improved

RW scattering model with RGD-Hulst model calculations. The optimal CaF2

particle size, distribution, concentration, and sample thickness at this stage were

calculated, and an optical module with a transmission spectroscopic bandwidth

less than 10 nm was built. This is a milestone moment in developing DNA/protein

microfluidic optoelectronic diagnostic devices for point-of-care applications.

5.2. Improved random walk model simulation re-

sults

The scattering filter hybrid material developed in this study is based on the

SRIM theory, which states that the material is transparent for the light of SRIM

wavelengths but scatters to varying degrees for incident light of non-SRIM wave-

lengths. As a result, increasing the scattering effect at non-SRIM wavelengths

and adjusting the detector sensing surface size (the acceptance angle) are the two

primary strategies to obtain extremely narrow spectroscopic performance inside

10 nm. Consider that in most cases, the detector conditions are preset. So in-

creasing the scattering is the most concerning way in our study. Improving the

scattering effect at non-SRIM wavelengths is practical by increasing the CaF2 par-

ticle size within a specific range, reducing the particle distribution, and increasing

the dispersing concentration and sample thickness. Herein, firstly the RGD-Hulst

Kyushu University 75 Zhu Junfeng



Chapter 5. Fabrication and modeling of narrow UV bandpass
transparent/scattering materials

model in Chapter 3 has pointed out the direction: increasing the CaF2 dispersing

concentration, particle size, and decreasing the particle distribution. The cal-

culations point out raising the average particle size to around 10µm, narrowing

the distribution as feasible can increase the scattering. In actuality, narrowing

the particle distribution is more difficult, and the impact on spectroscopic perfor-

mance is minor compared to the concentration. As a result, it is desirable to limit

the particle size distribution to within 1–20µm. Then, as described in Chapter

4, an RW scattering model was developed. It can simulate the scattered light

distribution and take into account the influence of concentration and thickness

on the scattering of low concentration and thin samples. But when the CaF2 dis-

persing concentration and sample thickness vary widely or PDMS matrix changes,

the model cannot be used to make quantitative predictions. As a result, an im-

proved RW model with broad applicability is developed as shown in Section 6.2.2.

Several parts of the scattering model were improved to the point where they can

be used to quantitatively predict the spectroscopic properties of scattering ma-

terials within a given range. Also, it is expected to simulate all soft scattering

phenomena based on the slight refractive index difference. Firstly, Figure 5.1 are

used to provide the refractive index differences at different wavelengths. The var-

ious PDMS matrices refractive index dispersion is measured data by Ellipsometer

(when the sample surface is in good condition), and the CaF2 refractive index dis-

persion was obtained from the literature [69]. Then, in the improved RW model,

the free path probability distribution fFP (x) is calculated as in equation 6.8 by

adding thickness parameter. It takes into account that the scattered light may

be deflected many times in thicker materials but still pass through the sample

with a small diffusing angle. Also, the single diffusion angle is considered as a

function of thickness and refractive index difference. The single diffusion angle

per unit thickness— γ(t0/t)
0.75, is calculated as a function of the refractive index
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difference based on measured different wavelengths total diffusion angles results

(Figure 4.8(b)). It is the same method as that used to calculate the relationship

between the single scattering angle and the refractive index difference in Section

4.3.3. But the refraction index dispersion data used in this chapter’s model came

from experimental measurements (in Figure 5.1). After that, the calculated single

diffusion angle per unit thickness versus the refractive index difference is shown in

the Figure 5.2(a), where the fitted curve function is: γ(t0/t)
0.75 = 9.2∆n2.4. The

effective transmittance of a 30wt.% CaF2: SIM-360 hybrid film was estimated

using this function. The estimated findings matched the experimental results in

220–450 nm wavelength range, as shown in Figure 5.2(b). Thus, compared to the

4.3.3 part, this further extends the applicable area.

CaF2

SIM-360

(cured)

KE-103 LMW-PDMS 

Sylgard-184

SIM-360 

(uncured) 

Figure 5.1: Refractive index dispersion measurements results of uncured PDMS matrices (SIM-

360, KE-103, LMW-PDMS, Sylgard-184) and cured PDMS matrix (SIM-360), as well as CaF2

refractive index dispersion from the literature [69]
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Fitting curve

Experimental data

(b)

Experimental data

Estimated data

(a)

Figure 5.2: (a) Relationship between the normalized single diffusing angle per unit thickness-

γ(t0/t)
0.75 and refractive index difference (fitting curve: 9.2∆n2.4); (b) Comparison of experi-

mental data (30wt.% CaF2: SIM-360 with 1.1mm thick) with estimated transmittance findings

based on the fitted single diffusion angle result

Furthermore, this improved RW model can accurately predict the transmit-

tance spectra of materials with several PDMS matrices and concentrations. Figure

5.3(b) shows the simulated outgoing light average diffusing angle findings based

on the improved RW scattering model for various concentrations and thicknesses

conditions. This result is calculated based on the simulated scattered light dis-

tribution as in Figure 5.3(a). The findings show that dispersing PDMS with
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the maximum feasible CaF2 concentration and increasing the sample thickness

can significantly enhance the diffusion angle at non-SRIM wavelengths. However,

when the thickness reached 4 and 5mm, the change in average diffusion angle was

no longer significant. Also, considering the possibility of scatterer formation and

absorption losses by the matrix material, an 80wt.% concentration and a scat-

terer thickness of 4mm indicate optimal conditions at this stage. It is expected

to achieve spectroscopic performance within 10 nm by combining scattering fil-

tering hybrid materials manufactured under optimal narrowing conditions with

a narrower acceptance angle. (Previous investigations of sample transmittance

spectra from Chapter3 and Chapter 5 used the spectrophotometer measurement

arrangement illustrated in Figure 5.9 to acquire effective transmittance spectra

and bandwidths. It only represents the spectroscopic performance at a specific

angle.). Therefore, the scattering materials in this chapter will be fabricated un-

der optimal narrowing conditions: CaF2 particles with a size distribution in the

range of 1–20µm; concentration: 80wt.%; sample thickness: 4mm; small accep-

tance angles with an acceptable signal loss. All of which combined to achieve the

spectroscopic performance target of 10 nm.
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(b)

2 mm thickness

1 mm thickness

{

{

, }

}

80 wt.%
60 wt.%
30 wt.%

3 mm thickness
4 mm thickness
5 mm thickness

Scattering profile

Diffusing angle

(a)

Figure 5.3: (a) scattering profile of incoming light with a wavelength of 400 nm passing through

a 1mm thick sample (80wt.% CaF2: SIM-360 matrix); (b)The estimated average diffusion angle

after passing through the sample with various conditions

5.3. Scattering hybrid materials fabrication un-

der optimal conditions

Figure 5.4 demonstrates how CaF2 particles are made and how precipitation

and centrifugal separation limit the particle size distribution. The powder of

CaF2 (VI) containing micron, submicron, and even nanoscale particles was made

by grinding CaF2 molding material (OKEN) with a 3D milling machine (MDX-

40A, Roland) equipped with a diamond drill, as shown in Figure 5.4(a). The

results show that this fabrication approach is more efficient than hand and electric

router grinding (in chapter3 and chapter 4). Then, the precipitation separation
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was used to remove large particles, as shown in Figure 5.4(b): the CaF2 particles

were dispersed in LMW-PDMS firstly, and the top 80% of the mixture liquid

was collected after stirring well and standing for 30 s. Next, pure LMW-PDMS

was added to the remaining mixture to collect more particles. After repeating the

above steps three times, go to the centrifugal separation as shown in Figure 5.4(c).

This time, the upper 80% volume of the collected mixture was eliminated after

mixing at 1440 rpm for 60 seconds by centrifugal mixer (KK-50S, Kurabo). After

that, add pure LMW-PDMS and repeat this centrifugal separation step 7 times.

Finally, the residual mixture was washed three times with toluene to eliminate the

LMW-PDMS, and the CaF2 particles with a restricted particle size distribution

were obtained by evaporating the toluene, as shown in Figure 5.4(d).
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Diamond drill

(a)

Toluene 
evaporation 

LMW-PDMS

CaF2

particles

(d)

Toluene

CaF2 molding 

material

(b)

Precipitation 

separation

3 times

LMW-PDMS

(c)

Centrifugal separation

Balance weight
7 times

Figure 5.4: (a) CaF2 particle fabrication procedure; Precipitation (b) and centrifugal (c) sepa-

ration in LMW-PDMS to separate CaF2 particles; (d) LMW-PDMS removing procedure

The scattering hybrid films in this investigation were made using two different

fabrication processes. First, the CaF2 particles are dispersed into PDMS matrices

(SIM-360, KE-103, LMW-PDMS and Sylgard 184) and uniformly mixed for 200

seconds with a mixer (KK-50S, Kurabo) at 1440/1440 rpm (revolution/autorota-

tion), as shown in Figure 5.5(a). Next, the combination of CaF2 and PDMS was

swirled at 1440/475 rpm for 90 seconds after adding the curing agent to make

the standard cured films (30, 60, and 80wt.%) as shown in Figure 5.5(b). It was

then potted into molds and coved with a PMMA plate for over 28 hours before

vacuum defoaming and curing at 50 ◦C. Alternatively, for the high-concentration
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films (60, 80wt.%), the samples were directly potted and sandwiched between

two transparent quartz plates after mixing CaF2 and PDMS thoroughly. Also,

sample thickness is regulated by a spacer, as shown in Figure 5.5(c). Only the

high-concentration films could benefit from this uncured technique. A scanning

electron microscope (SEM, TM-4000Plus, Hitachi) was used to determine the size

of the CaF2 particles, an ellipsometer (SE-2000, SEMILAB) was used to deter-

mine the refractive index of the PDMS matrices, and a spectrophotometer (V-630,

JASCO) and a fiber optic spectrometer (HR-4000, Ocean Optics) were used to

evaluate the scattering hybrid materials.

Quartz glass plate (0.5 mm)

High concentration

sample

Potting, vacuum 

degassing 

Spacer

(a)

PDMS

CaF2

particles

Mixing and defoaming

Balance weight

Curing 

agent

Quick mixing and defoaming

Balance weight

(c)

(b)

Potting mixture sample

PMMA plate

Spacer

Vacuum degassing, 

heating and curing

V d i

PMMA plate

covering

Uncured sample

Quartz glass 

plate covering

SpacerS

glaaaaaaaasssssssss 

veringgggggggggggggggg

Figure 5.5: The scattering hybrid material sample fabrication: (a) CaF2 in PDMS matrix

mixture was mixed and de-bubbled; (b) Typical cured film fabrication procedures of 30, 60,

and 80wt.% concentrations; (c) Uncured sample fabrication procedures with 60 and 80wt.%

concentrations
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5.4. Result and discussion

5.4.1 Particle size distribution of CaF2

Figure 5.6(a) demonstrated SEM images of CaF2 particles before precipitation

and centrifugal separation. The directly ground CaF2 particles have large size dis-

tribution that can be observed. It includes not only larger micron particles but

also submicron and even nanoparticles. According to the calculation results of the

RGD-Hulst model shown in Figure 3.14, it is known that reducing the particle dis-

tribution and increasing the particle size can reduce the transmission bandwidth.

Although it seems to be more effective to increase the average particle size, narrow-

ing the particle distribution to 1–20µm is sufficient at this stage considering the

difficulty of implementation. Moreover, Restricting the particle distribution also

increases the average particle size because it removes many nano- and submicron

particles (less than 1µm). Meanwhile, it effectively reduces the mixture’s viscos-

ity, allowing for the fabrication of highly concentrated hybrid samples previously

impossible to achieve. On the other hand, the scattering caused by the larger

micron-scale particles (> 20µm) is weaker, despite occupying most of the mass

fraction. So, large micron particles needed to be removed to increase the percent-

age of micron particles with stronger effective scattering. Figure 5.6(c) shows the

SEM picture after precipitation and centrifugal separation, it is obviously that

submicron, nanometer, and some larger micron particles have been eliminated.

Then, after the SEM images were processed (using Wolfram Mathematica), the

quantity ratio and volume ratio of each size particle before and after separation

were shown in Figure 5.6(b) and (d), respectively. The separation stage clearly

eliminated particles below 1µm, and above 20µm, with removal rates of 75 and

100%, respectively. Since the contaminants blended into the scattering hybrid

material will affect spectroscopic performance, the number of solvents utilized
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in the separation process is restricted. Precipitation and centrifugal separation

will be difficult to narrow the existing particle distribution further. As a result,

alternate strategies for narrowing the particle distribution, such as micron sieve

filtration, should be studied in the future.

LMW-PDMS 

based separation

Before separation

LMW-PDMS 

based separation

Before separation

50 µm 50 µm

(a) (c)

(b) (d)

Figure 5.6: SEM Images of the CaF2 particle distribution were taken (a) before and (c) after

the LMW-PDMS-based separation processes; (b) The quantity ratio distribution of different

size CaF2 particles before and after separation; (d) The volume ratio distribution of different

size CaF2 particles before and after separation

In addition, since chemical synthesis allows for more precise control of particle

size and distribution than grinding, certain synthesized commercial CaF2 powders

were tested to see if chemical synthesis might be used to achieve narrower par-

ticle distributions. The particle size distributions of the three commercial CaF2

powders are shown in Figure 5.7(a), (c), and (e), respectively, while (b), (d),

and (f) correspond to high-magnification images. Their particle sizes are clearly
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smaller than 50µm, just like the CaF2 particles employed in this investigation.

The scattering hybrid films were made by dispersing the three synthesized CaF2

powders in a PDMS matrix (KE-103 or Sylgard 184) and evaluating them with a

spectrophotometer (Figure 5.8). The transmittance peak was not detected signifi-

cantly. Contaminants in the chemical synthesis could be to blame for this. Even if

only minute amounts of contaminants were incorporated into the CaF2 powders,

they would significantly impact refractive index dispersion curves, causing the

CaF2 and PDMS refractive index matching points to vanish or shift to unnoticed

wavelength regions. This experimental outcome highlights the originality of our

research and the complexity of SRIM control.
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100 µm
30 µm

30 µm

30 µm

(a) (b)

(c) (d)

(e) (f)

100 µm

100 µm

Figure 5.7: SEM images of commercial CaF2 powders: (a) and (b) from Hakushin Chemical

(Powder IV described in Table 2.2), (c) and (d) from High purity chemical (Powder III described

in Table 2.2), and (e) and (f) from Wako chemical (Powder II described in Table 2.2)
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Powder IV 

Powder III 

Powder II

KE-103 matrix 

Sylgard-184 matrix

Figure 5.8: Raw transmittance spectra of 1mm-thick uncured films prepared by three commer-

cial powders (60wt.%) dispersing into PDMS matrix (KE-103 or Sylgard 184)

5.4.2 Spectroscopic performance of CaF2 dispersed PDMS

Figure 5.9 depicts a schematic of the set-up for evaluating scattering hybrid

films with a spectrophotometer (V-630, JASCO), revealing that only partially

scattered light reaches the detector, resulting in bandpass properties. In addi-

tion, images (a1), (a2), (a3), and (a4) depict a pure PDMS cured film, a 30wt.%

concentration cured film, an 80wt.% concentration uncured film, and an 80wt.%

concentration uncured film sandwiched between two pieces of quartz glass, respec-

tively. As can be seen from (a3), the high concentration uncured scattering hybrid

material has the property of being deformable, demonstrating the possibility of its

application in some flexible complex structure devices. Previous results from chap-

ter3 confirmed the capacity to tune the wavelengths of the transmittance peak by

changing the matrix type. Similarly, the findings of several uncured 1mm-thick

80wt.% concentration scattering hybrid films with varying transmittance peak

wavelengths of 272, 257, and 248 nm are shown in Figure 5.10 (corresponding to
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Sylgard-184, KE-103, and LMW-PDMS matrices, respectively). In comparison

to prior investigations in chapter 3, some of the transmittance peak wavelengths

showed a slight blue shift. The reason that can be considered is that the high

concentration samples here are all uncured samples. The refractive index of the

PDMS matrix becomes lower due to the lack of a high refractive index curing

agent, resulting in the blue shift of the SRIM wavelength.

Detector

Incident light

Scattering light

(a1)

(a2)

(a3)

(a4)

Sample film

Black holder

Figure 5.9: Transmittance evaluation setup in spectrophotometer, and the images of the (a1)

pure KE-103 cured sample, (a2) 30wt.% CaF2: KE-103 cured sample, (a3) 80wt.% CaF2: KE-

103 uncured sample, and (a4) 80wt.% CaF2: KE-103 uncured sample sandwiched between two

pieces of quartz glass. The sample thickness is 1mm in images of (a1), (a2) and (a4))
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80 wt.% LMW-PDMS matrix, Uncured

80 wt.% Sylgard-184 matrix, Uncured

80 wt.% KE-103 matrix, Uncured

80 wt.% KE-103 matrix, Cured

Figure 5.10: 80wt.% high concentration CaF2: PDMS scattering hybrid films transmittance

spectra (where the PDMS matrices were KE-103, Sylgard-184, and LMW-PDMS, respectively)

In addition, the uncured sample exhibits a higher transmittance than the cured

sample, according to the transmittance spectra shown in Figure 5.10. Among

them, the peak transmittance of 80wt.% CaF2: KE-103 uncured sample almost

five times higher than the 80wt.% CaF2: KE-103 cured sample. The trans-

mittance loss can be considered scattering from the following causes: (i): the

hard-to-remove air bubbles mixed during the production of highly concentrated

samples; (ii): the surface cracks resulting from the shrinkage of the PDMS matrix

during the curing process. Meanwhile, as shown in Figure 5.11, the results of

the effective transmittance of the samples with different concentrations fabricated

using the KE-103 matrix are essentially consistent with the predictions based on

the improved RW model. It demonstrates the improved model’s accuracy and

indicates that it can be applied wider.

Kyushu University 90 Zhu Junfeng



Chapter 5. Fabrication and modeling of narrow UV bandpass
transparent/scattering materials

Estimated data

30 wt.%

60 wt.%
80 wt.%

Figure 5.11: Experimental and estimated results comparison of 1mm-thick different concentra-

tions CaF2: KE-103 films, the estimated results calculated based on the improved RW model

Most scattering hybrid film with an 80wt.% concentration can be fabricated

by dispersing narrow particle size distribution CaF2 into a low-viscosity PDMS

matrix. However, even using a narrow particle size distribution CaF2, scattering

hybrid film based on the SIM-360 matrix is difficult to fabricate at an 80wt.%

concentration due to the high viscosity of SIM-360. Moreover, as can be obtained

from Figure 5.12, in addition to the conclusion that increasing the CaF2 particle

concentration can narrow the effective bandwidth, the 30wt.% CaF2: SIM-360

sample film’s effective bandwidth change of before and after separation points

out that narrowing the particle size distribution can likewise narrow the effective

bandwidth. This also verified the RGD-Huslt model estimated results in Figure

3.14. Furthermore, according to the Figure 5.12 and the cut-off wavelength or-

der of PDMS matrices (LMW-PDMS, KE-103, SIM-360, Sylgard 184), it can be

concluded that using a PDMS matrix with a shorter cut-off wavelength can nar-

row the effective bandwidth because PDMS absorption increases with decreasing

wavelength.
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LMW-PDMS separation

Before separation

{

{

, }

}

SIM-360 matrix, Cured

KE-103 matrix, Cured

KE-103 matrix, Uncured

LMW-PDMS matrix, Uncured

Sylgard-184 matrix, Uncured

Estimated data (Current)

Estimated data (Before)

Figure 5.12: The changes of the 1mm-thick scattering hybrid films’ effective transmittance

bandwidth with increasing CaF2 concentration, as well as experimental and estimated results

(based on RW and improved RW models ) comparison of CaF2: KE-103

Furthermore, the improved RW model, as shown in Figure 5.12, gives a better

fit than the old model. The experimental results of the KE-103 matrix-based

samples are almost consistent with the estimations calculated using the improved

RW model. Then, increased film thickness efficiently narrows the transmittance

bandwidth within a particular range, as shown in Figure 5.13, with the 4mm-thick

film based on an LMW-PDMS matrix having the narrowest effective bandwidth

(FWHM) of 12 nm at this stage.
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KE-103 matrix
LMW-PDMS matrix

Sylgard-184 matrix Estimated data (Current)
Estimated data (Before)

Figure 5.13: The changes of the 80wt.% concentration scattering hybrid films’ effective trans-

mittance bandwidth with increasing thickness, as well as the experimental and estimated results

(based on RW and improved RW models ) comparison of CaF2: KE-103

In addition, the improved RW scattering model’s predictions in Figure 5.13

are in general agreement with the experimental results, which are vastly improved

above prior research’ results. This further supports the new model’s broad ap-

plicability, indicating that it might be utilized with any soft scattering based on

the slight refractive index difference. It is demonstrated in this work that the

improved RW model may be utilized to analyze the spectroscopic properties of

scattering hybrid materials quantitatively. This has important implications for

further increasing spectroscopic performance and forecasting how the scattering

hybrid material will be used in various scenarios. As a result, the optimal 12 nm

FWHM experimental result in this section not only lowers the effective bandwidth

to about 10 nm, but also clarifies the methods for improving spectroscopic per-

formance: narrowing the particle size distribution and increasing concentration

and sample thickness. These results also show that the simulation-based opti-

mal conditions in Section 5.2 are correct. While the exact acceptance angle size
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based on spectrophotometer measurements is unknown, a genuine bandwidth of

less than 12 nm should be attained by choosing a sufficiently narrow acceptance

angle. This opens the door to the development of microfluidic chips to detect

DNA and proteins.

5.4.3 Scattering materials integrated application

To construct a viable DNA and protein detection device, first, A 80wt.% con-

centration, 4mm-thick CaF2 (1–20µm): KE-103 scattering hybrid film was fabri-

cated. Then, as shown in the figure 5.14(a), an integrated module was developed:

2 pinhole structures (2mm diameter) sandwiching the scattering material (CaF2:

KE-103 sample) and combined with a 260 nm central emission wavelength LED.

Also, the emission intensity spectrum of the integrated module was measured us-

ing a fiber optic spectrometer. According to the results, as shown in 5.14(b), when

the receiving angle is less than 0.1 rad (the fiber spectrometer is directly coupled

to the optical module for measurement), the 4mm-thick scattering film may de-

crease the real bandwidth of the UV LED emission spectrum from 12 to 9 nm.

This performance meets the basic requirements for discriminating between DNA

and protein detection and serves as a step forward in developing and producing

DNA/ protein microfluidic detection devices.
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260 nm LED

260 nm LED with scattering film 

(1 mm thickness)

260 nm LED with scattering film 

(4 mm thickness)

(a)

(b)

CaF2: PDMS

materials

Pinhole

LED

Fiber 

spectrometer

Pinhole

Figure 5.14: (a) The scattering hybrid material (CaF2 dispersed in a KE-103 PDMS matrix) em-

bedded an integrated optical module and evaluation setup; (b) The integrated optical module’s

normalized emission spectra

5.5. Conclusion

In terms of experimental results, this chapter obtained CaF2 particles dis-

tributed in 1-20µm by precipitation and centrifugation and developed 80wt.%

concentration, 4mm sample film based on uncured PDMS (LMW-PDMS, KE-

103, Sylgard- 184). In particular, the narrowest effective FWHM of 12 nm was
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achieved with the CaF2: LMW-PDMS hybrid materials. In addition, an optical

module with a narrow emission spectrum of 9 nm narrow bandwidth was devel-

oped by modularizing the 80wt.% CaF2: KE-103 combination with a 260 nm cen-

ter wavelength UV LED. In terms of simulation results, in this chapter, the RW

model improved by introducing a thickness parameter is constructed. This model

further compensates the case that the simple RW model in the previous chapter

does not apply to thicker samples. It applies to samples of different thicknesses

from 1—4mm, and the applicable wavelength range is extended to the visible

region (220—450 nm). It is possible to predict the effective transmittance and

part of the scattered light distribution at this stage. Then, the improved model

and the simple calculation of RGD-Hulst in this chapter also suggest the optimum

conditions for obtaining the best spectroscopic performance at this stage. This is

important for the application development of scattering spectroscopy materials.

In addition, based on the results in this chapter, the conclusions that narrowing

the particle distribution has limited improvement on the spectroscopic perfor-

mance and increasing the spatial density has the most significant improvement on

the spectroscopic performance are figured out.
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Chapter 6. Development of scattering simulation model

In this thesis, three models were used to interpret and simulate the effective

transmittance and scattering distribution of the samples. They are a simple cal-

culation based on the RGD-Hulst approximation, a Monte Carlo principle-based

random walk (RW) model that considers RGD scattering, and a modified random

walk model with thickness parameter calibration. In this chapter, the advantages

and disadvantages of each of these three models and the conditions for matching

the experimental results will be discussed.

6.1. RGD-Hulst hybrid calculation model

As mentioned in Chapter 2.4, the formulation of the RGD-Hulst model is based

on the Beer-lambert principle, where the effective scattering cross-sectional area

is calculated based on the RGD (eq. 2.7) and Hulst approximations (eq. 2.9),

respectively. In fact, according to the scattered light distribution measurements in

Chapter 3, the scattering in the UV wavelength region tends to RGD scattering.

In contrast, the scattering in the visible region tends to Mie scattering. So a

hybrid model is considered for the simulation calculation in Chapter 3. The

effective scattering cross-sectional area σeff of this hybrid model was calculated

by interpolated with σRGD and σHulst as shown in equation 6.1.

σeff = ησHulst + (1− η)σRGD (6.1)

, where η = φ
3
√

1+φ3
and phase delay φ as the size parameter here, to switch

the σRGD to σHulst. It can be given by equation 2.8. Then, according to above

definitions, σeff/σN can be plotted as shown in figure 6.1.
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Figure 6.1: The difference between various scattering cross-sectional areas

This model is mainly applied in Chapter 3, it ignores part of transmittance

caused by diffraction. But the size distribution of CaF2 particles as shown in

Section 3.3.4 is considered. So the sample transmittance is given by the following

equation based on the beer-lambert theory.

T = e−t
∑

(σeff)iNi (6.2)

, where t is sample thickness and Ni is the spatial density of the respective par-

ticles, (σeff) is the effective scattering cross-sectional area of the respective par-

ticles. In addition, absorption and surface reflection losses are not considered in

the experimental results and simulations. Then, according to the fitting results

of 3.13 in Chapter 3, it can be seen that the model is applicable in the UV re-

gion range of 240—310 nm (RGD scattering region). Although this is sufficient

for predicting the spectroscopic performance under different concentration thick-

ness conditions, it cannot effectively simulate the distribution of scattered light.

As shown in Figure 6.2, the RGD-Hulst model is used to calculate the effective

scattering cross-sectional area by adding the parameter of refractive index differ-

ence. However, the refractive index difference of the mixed material is a function
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of wavelength, so there are cases of small and large effective scattering cross-

sections. Most of the light passes through and enters the detector for particles

with a small effective scattering cross-section. For particles with a large effective

scattering cross-section, the calculation of the RGD-Hulst model is treated as not

transmitted. However, the actual scattering situation is shown in Figure 6.3(a).

For particles with a large effective scattering cross-section, the detector still de-

tects some of the small-angle scattered light. It caused the mismatch between the

experimental and simulated results in the region of large refractive index differ-

ence (the visible region) in Figure 3.13. Hence, a model that can simulate the

scattered light distribution is necessary to remedy this problem.

RGD-Hulst model

Detector

Detector

Large  !""

Small  !""

CaF2 particles

PDMS matrix

Slit

Light

 # ~($)

 !"" ~($, %&(')) 

Figure 6.2: The principle of the RGD-Hulst model to calculate the effective transmittance (where

σN is the cross-sectional scattering area calculated from the geometry, σeff is the effective

scattering cross-sectional area)
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6.2. Random walk scattering model

6.2.1 Random walk model considering the RGD scattering

approximation

The RGD-Hulst hybrid model cannot calculate the transmittance with a large

effective scattering cross-section because the RGD-Hulst calculation cannot simu-

late the scattered light distribution. A simple random walk model that considers

the RGD scattering is developed to extend the applicability. Its fundamental con-

stitutive principle has been presented in Section 2.5. The construction process

will be described in more detail in this section. In order to solve the shortcomings

of the RGD-Hulst model, the model needs to be constructed according to the

actual situation as shown in Fig. 6.3(a). Therefore, as shown in Fig. 6.3(b), the

MFP is calculated based on the effective scattering cross-sectional area σeff by

considering the RGD scattering. Then the scattering of different sized particles

is simulated based on the variation of the MFP and the deflection angle ∆θ. The

whole simulation process is shown in Fig. 6.3(c). The specific process is as follows.
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Figure 6.3: (a) The actual scattering of light by particles of different sizes; (b) Principle of the

RW model for simulating the light scattering process; (c) Light transmission schematic using

the RW scattering model (same as Figure 2.6)

As described in Section 2.5, the deflection angle ∆θ is a random deflection

angle obtained after injecting the light beam into a particle. And the free path l

is an arbitrary distance passed by the light before it hits another particle. Each

free path length l is chosen randomly from a pre-calculated database of li (i =

1 . . . 10000). The database is calculated based on exponential distribution with

the probability density function fFP(x). It is calculated by

fFP (x) = σeffNe−σeffN(x−Deff
2

), (x >
Deff

2
) (6.3)

, here N also denotes the spatial density, σeff is the effective scattering cross-
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sectional area, which is calculated according to

σeff = π(
Deff

2
)2 (6.4)

Deff = D(∆n)1/4 (6.5)

The mean of the distribution fFP(x) is (σeffN)−1 , and it is as shown in Figure 6.4.

Deff represents the effective particle size diameter based on RGD approximation.

MFP

Figure 6.4: The probability density function of free path

Due to the refractive index difference (∆n) of the optically soft particles and

the matrix material being tiny, the RGD scattering approximation is considered.

The parameter of refractive index difference is added to the effective diameter

Deff = D × 4
√
∆n. D represents the average geometric diameter of the optically

soft particles. In addition, the deflected angle (∆θ) is chosen randomly from the

Cauchy distribution defined by the probability density function of

f(x;x0, γ) =
1

πγ(1 + (x−x0

γ
)2

(6.6)

, where γ is its scale parameter, x0 is location parameter. f(x;x0, γ) is also plotted

in 6.5(a). The scale parameter γ of the Cauchy distribution is a single diffusion

angle considering the RGD approximation. It is primarily affected by the refrac-

tive index difference ∆n. During the actual model construction, the calculation
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of γ is required by comparing the experimentally measured total diffusion angle

with the RW scattering model simulated total diffusion angle, and its calculation

results are shown in Fig. 6.5(b). This was also discussed in Section 4.3.3. Ac-

cording to the fitting results, the relationship between γ and ∆n is considered as

equation 6.7, when the thickness t is less than or close to 1 mm, and the refractive

index difference ∆n is less than 0.02.

γ = 0.29∆n (0 < ∆n < 0.02) (6.7)

Max/2

2γ

Max

Simulation data

Fitting data

(b)

(a)

Figure 6.5: (a) The probability density function of deflection angle; (b) Estimated correlation

between refractive index differences and single diffusion angles (fitting curve: γ = 0.29∆n)

Hence, the RW model can simulate the distribution of scattered light. It solves
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the shortcomings of the RGD-Hulst model, and its process of simulating scattered

light to calculate the effective transmittance is more consistent with the actual

scattering situation. Therefore, for the case of sample thickness less than 1 mm,

as shown in Figure 4.11, the simulation results based on this model are applicable

with the experimental results in the range of 250—450 nm. However, when the

sample thickness is greater than 1 mm, the simple RW model based on this model

is no longer applicable. So an improved model is expected.

6.2.2 Random walk model with thickness parameters

Although, the simple RW model in the previous section can explain and sim-

ulate the distribution of scattered light. However, when the sample thickness of

the scattering material is thick, the problem can arise as shown in Figure 6.6(b),

the scattering light beam will keep circulating in the model due to the MFP being

small. Thus, an improved model with increased MFP and ∆θ is needed, as shown

in Figure 6.6(c).
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ath Mean free path

Mean free path
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(a) (b)
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Figure 6.6: (a) Schematic diagram of the RW model, (b) the RW model under thicker samples,

(c) the improved RW model under thicker samples

Then, in this section, based on the previous simple RW model, the thickness

parameter is added to the model as a function of the free path probability dis-

tribution fFP (x) and the single diffusion angle γ as shown in equation 6.8, and

equation 6.9.

fFP(x) = σeffN(
t

t0
)−1e

−σeffN( t
t0

)−1(x− deff
2

)
, (x >

deff
2

) (6.8)

, where t is the material thickness, and t0 (equal to 0.1) is the standard thick-

ness used for normalization. Then, in the same way, the fitting calculation was

performed based on the experimentally measured refractive index difference and

total scattering angle (discussed in Section 5.2). The result is shown in Figure 6.7

(also shown in Sect. 5.2(a)). It showed the normalized single diffusion angle per

unit thickness change with refractive index difference. According to the fitting

results of this figure, a new single diffusion angle γ as a function of the refractive
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index difference and the thickness parameter was obtained. It is shown as

γ = 9.2∆n2.4(
t

t0
)0.75 (0 < ∆n < 0.03) (6.9)

Here, the model is applicable when 1 <t/t0 <4 and ∆n <0.03. In addition, it can

be seen that the difference in the single scattering angle γ for the same refractive

index difference in Figure 6.7(a) and 6.5(b) is significant, which is because the

RW model is calculated based on the SIM-360 refractive index dispersion curve

fitted in the literature. At the same time, the improved RW model introduces

the thickness parameter and is based on the SIM-360 dispersion results measured

by the Ellipsometer for the calculation. As shown in Fig. 6.7, the measured

data here refers to the result of subtracting the refractive index dispersion curve

obtained from the ellipsometer measurement of the cured SIM-360 film (as shown

in Figure 5.1) from the CaF2 dispersion curve. Lit. 1, 2, 3 represent the calculated

results of subtracting the fitted SIM-360 refractive index dispersion curve (Lit.

3 is shown in Figure 4.6(b)) from the CaF2 dispersion curve. The refractive

index dispersion curve of SIM-360 was fitted using the Sellmeier equation by

determining the intersection with CaF2 in the UV region and the visible refractive

index obtained from the literature [67]. Lit. 1, 2, 3 represent the results of the

fitting of different Sellmeier coefficients, respectively. It can be seen that they

are consistent, which indicates that the stability of the fitting results is good. In

addition, it is obvious that the slope of the measured results differs significantly

from that of the fitted results, which explains why the single diffusion angles

(calculated based on the same total scattering angle 4.8(b)) obtained from the

same refractive index difference of the RWmodel before and after the improvement

are different.
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Fitting curve

Experimental data

(a)

(b)

Lit. fitted 1
Measured 

{

{

, }

}
Lit. fitted 2
Lit. fitted 3

Figure 6.7: (a) Relationship between the refractive index difference and the normalized single

diffusing angle per unit thickness—γ(t0/t)
0.75 (fitting curve: 9.2∆n2.4), the same with figure

5.2(a); (b) Comparison of the refractive index difference between CaF2 and cured SIM-360 used

before and after RW model improvement (nCaF2
− nSIM−360). The measured data were used

in the improved RW model in Chapter 5. Lit. 3 was used in the RW model in Chapter 4. (Lit.

1, 2, 3 are the fit results with Sellmeier coefficients Bi equal 1, 2, 3 respectively)

Also, this improved RW model can effectively simulate the actual scattering

distribution since the improved model is still based on the principle of random

walk. Then, the matching results between the simulation results of this model

and the experimental results, as shown in Figures 5.2(b) and 5.11 in Chapter
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5. For samples of different thicknesses, it is applicable in the UV and visible

regions from 220—450 nm. Hence, this further improved the scattering RW model

and constructs a generalized stochastic scattering model that allows quantitative

prediction of scattering and spectroscopic properties of hybrid materials within

a specific range (will be discussed in Section 5.2). It is expected to help model

the prediction of general scattering phenomena based on tiny refractive index

differences.

6.3. Conclusion

In this chapter, three models are presented to simulate the calculation of effec-

tive transmittance and scattered light distribution. First, the RGD-Hulst-based

model is applicable in the UV region near SRIM and can be used to calculate

the effects of particle size and its distribution, and sample concentration on the

spectroscopic performance. Next, the simple RW model is also applicable in the

UV region near the SRIM wavelength. It can be used to calculate the effects of

sample concentration and thickness on spectroscopic performance in partial cases,

and simulate the scattered light distribution under some conditions. Finally, an

improved RW scattering model has the properties of the simple RW model and

demonstrates applicability in both the UV and visible regions. It not only can

simulate the scattered light distribution, but It can also predict the effect of most

of the concentration and thickness variations on the spectroscopic performance of

the sample.
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7.1. Achievements

In this thesis, spectroscopic scattering hybrid materials transparent at specific

wavelengths were creatively developed by dispersing inorganic particulate mate-

rials (CaF2/SiO2) into organic PDMS matrix materials based on the principle

of spectroscopic refractive index matching (SRIM). Then, after evaluating the

various properties of the material, we realized the tunability of the transparent

wavelength by adjusting the refractive index dispersion through multiple disper-

sions. At the same time, several scattering models were constructed to match the

experimental results. Based on these scattering models, the optimal conditions

for the spectroscopic performance were identified. An optical module satisfying

the spectroscopic performance of DNA/protein detection was developed under the

optimal conditions. The accomplishment of this thesis is summarized as follows.

In Chapter 3, the possibility of the principle was demonstrated based on the

proposed spectroscopic refractive index matching principle based on inorganic

particulate materials such as CaF2/SiO2 dispersed into organic PDMS matrix

materials. Then, spectroscopic scattering materials transparent at 251, 259, 278

and 304, nm were developed by mixing with four different PDMS matrix materials

(LMW-PDMS, KE-103, SIM-360, Sylgard-184) that they have slight refractive in-

dex dispersion differences, respectively. It is also demonstrated that the position

and order of the transparent peak wavelengths can be inferred from the cut-off

wavelength of the PDMS matrix material. Among them, the 1 mm thick sample

of CaF2 dispersing SIM-360 shows a high transmittance of more than 80% at

the transparent wavelength (up to more than 95% after regularization with pure

SIM-360 samples) with 15wt.% concentration. It also shows the spectroscopic

performance with the narrowest effective transmittance line width of 28 nm for a

sample of 60wt.% dispersion concentration of 1 mm thickness. Finally, the calcu-

Kyushu University 111 Zhu Junfeng



Chapter 7. Conclusion

lations based on the scattered light distribution measurements at UV and visible

wavelengths combined with the RGD-Huslt scattering approximation can be used

to explain the effective transmittance of the spectroscopic scattering material in

the wavelength region of 240-310 nm. And it is indicated that the spectroscopic

performance of the material can be improved by increasing the average diameter

of CaF2 particles and narrowing the distribution.

In Chapter 4, different thicknesses of spectroscopic scattering films were fab-

ricated based on 30wt.% concentration of CaF2 dispersed SIM-360 substrate ma-

terial, and their temperature and strain responses were evaluated. Due to the

significant negative thermo-optical coefficient of PDMS, the experimental results

show a peak wavelength response of transmittance of 1.5 nm ◦C−1. On the other

hand, it is also figured out that the stretching ratio of less than 12% does not

affect the peak transmittance wavelength. Then, the tunability of the transparent

wavelength was achieved by multiple dispersion of LMW-PDMS or CQDs mate-

rials into CaF2:PDMS scattering materials. The 10 nm blue shift, and 17 nm red-

shift of the transparent wavelength were achieved experimentally by dispersing

50% of LMW-PDMS and 1.4wt.% of CQDs dispersant, respectively. In addi-

tion, the scattered light distribution of the spectroscopic scattering materials at

different wavelengths was re-evaluated based on a femtosecond laser, and a ran-

dom scattering model was constructed based on the Monte Carlo principle with

the RGD approximation considered. The model extends the range of effective

transmittance spectra that can be interpreted and can simulate the distribution

of scattered light and predict the experimental results by combining the actual

scattered light reception angle.

In Chapter 5, the random scattering model is improved by adding a thickness

parameter based on the RGD-Hulst scattering approximation calculation in Chap-

ter 3 and the random scattering model in Chapter 4. The optimum conditions
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for spectroscopic performance optimization are also indicated: using a narrowed

CaF2 particle distribution (1-20µm), a high concentration of 80wt.%, and a 4mm

sample thickness. Then, the CaF2 particle distribution obtained from 3D milling

machine with a diamond drill of high-purity CaF2 molding materials was narrowed

by precipitation and centrifugal separation to achieve the target of a basic distribu-

tion of CaF2 particle size of 1-20µm (where the particle removal rates were 75%,

and 100% for particles below 1µm and above 20µm, respectively). Then, various

samples were made by dispersing CaF2 into PDMS at high concentration with-

out curing agent under optimum conditions. The CaF2-dispersed LMW-PDMS

at 80wt.% at high concentration achieved the narrowest effective transmittance

bandwidth of 12 nm. Finally, the uncured 4mm thick CaF2-dispersed KE-103

high concentration sample was combined with a UV LED (260 nm central wave-

length) to develop an optical module with a narrow emission spectrum of 9 nm

bandwidth. This provides a solid foundation for constructing a microfluidic chip

for DNA/protein differentiation detection.

7.2. Future perspective

In summary, this paper demonstrates the feasibility of developing spectroscopic

scattering hybrid materials transparent at specific wavelengths by dispersing in-

organic particulate materials into organic matrix materials based on the principle

of spectral refractive index matching (SRIM). It also demonstrates the possibility

of developing effective bandpass filtering performance at the 10 nm level. The

tunability of transparent wavelengths is achieved by adjusting the refractive in-

dex dispersion of organic materials through multiple dispersed. The transparent

wavelength can be tuned in the range of about 30 nm. The spectroscopic scat-

tering mechanism can be well explained by RGD-Hulst + thickness-calibration
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RW model except for the beam profile. Increasing the spatial density is the most

effective way to improve spectroscopic performance compared to increasing the ef-

fective scattering cross-sectional area of particles and sample thickness. The future

prospects of these results are up-and-coming, as described below. As mentioned

in Chapters 3, 4, and 5, the spectroscopic scattering material is characterized by

a simple fabrication process, the low fabrication cost is not limited by the angle of

the incident light, and has flexibility and a certain degree of mobility. Moreover,

its transparent wavelength and spectral properties can be easily adjusted by ad-

justing the concentration, thickness, and size of the dispersed particles to make it

on demand. Compared with traditional filter devices, it has a broader application

scenario, such as the development of small integrated absorbance photometers,

wearable optoelectronic devices, microfluidic chips, etc.
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SRIM Spectroscopic refractive index matching

PDMS Polydimethylsiloxane

MOF Metal organic frameworks

SOT Silicone optical technology

UV Ultraviolet

RI Refractive index

RIs Refractive indices

EMA Effective medium approximation

RGD Rayleigh-Gans-Debye

RW model Random walk model

LL model Lorentz–Lorenz model

MG model Maxwell–Garnett model

SEM Scanning electron microscope

MFP Mean free path

LMW-PDMS Low molecular weight Polydimethylsiloxane

FIB Focused ion beam

CQDs Colloidal quantum dots

FWHM full width at half maximum

PMMA Polymethyl methacrylate

CCD camera Charge-coupled device camera

LED Light-emitting diode

CS Cross section

PMT Photomultiplier tubes

DPSS laser Diode-pumped solid-state laser

RT Room temperature
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diodes in water disinfection,” Environmental Science and Pollution Re-

search, vol. 16, no. 4, pp. 439–442, 2009.

[98] A. C. Eischeid, J. N. Meyer, and K. G. Linden, “Uv disinfection of ade-

noviruses: molecular indications of dna damage efficiency,” Applied and

Environmental Microbiology, vol. 75, no. 1, pp. 23–28, 2009.

[99] K. G. Linden, G.-A. Shin, G. Faubert, W. Cairns, and M. D. Sobsey, “Uv

disinfection of giardia lamblia cysts in water,” Environmental science &

technology, vol. 36, no. 11, pp. 2519–2522, 2002.

[100] E. Ubomba-Jaswa, C. Navntoft, M. I. Polo-Lopez, P. Fernandez-Ibáñez, and
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R. Li Voti, M. Tomczyk, A. Alù, D. A. Pawlak, and C. Sibilia, “New

self-organization route to tunable narrowband optical filters and polariz-

ers demonstrated with zno–znwo4 eutectic composite,” Advanced Optical

Materials, vol. 8, no. 7, p. 1901617, 2020.

[111] D. Fleischman, L. A. Sweatlock, H. Murakami, and H. Atwater, “Hyper-

selective plasmonic color filters,” Optics express, vol. 25, no. 22, pp. 27386–

27395, 2017.

[112] X. He, Y. Liu, K. Ganesan, A. Ahnood, P. Beckett, F. Eftekhari, D. Smith,

M. H. Uddin, E. Skafidas, A. Nirmalathas, et al., “A single sensor based

multispectral imaging camera using a narrow spectral band color mosaic

integrated on the monochrome cmos image sensor,” APL Photonics, vol. 5,

no. 4, p. 046104, 2020.

[113] R. Rajasekharan Unnithan, M. Sun, X. He, E. Balaur, A. Minovich, D. N.

Neshev, E. Skafidas, and A. Roberts, “Plasmonic colour filters based on

coaxial holes in aluminium,” Materials, vol. 10, no. 4, p. 383, 2017.

[114] Z. Hu, Y. Yin, M. U. Ali, W. Peng, S. Zhang, D. Li, T. Zou, Y. Li, S. Jiao,

S.-j. Chen, et al., “Inkjet printed uniform quantum dots as color conversion

133



layers for full-color oled displays,” Nanoscale, vol. 12, no. 3, pp. 2103–2110,

2020.

[115] C. Markos, K. Vlachos, and G. Kakarantzas, “Bending loss and thermo-

optic effect of a hybrid pdms/silica photonic crystal fiber,” Optics express,

vol. 18, no. 23, pp. 24344–24351, 2010.

[116] C. Markos, K. Vlachos, and G. Kakarantzas, “Guiding and thermal proper-

ties of a hybrid polymer-infused photonic crystal fiber,” Optical Materials

Express, vol. 2, no. 7, pp. 929–941, 2012.

[117] V. Cardinali, E. Marmois, B. Le Garrec, and G. Bourdet, “Determination

of the thermo-optic coefficient dn/dt of ytterbium doped ceramics (sc2o3,

y2o3, lu2o3, yag), crystals (yag, caf2) and neodymium doped phosphate

glass at cryogenic temperature,” Optical Materials, vol. 34, no. 6, pp. 990–

994, 2012.

[118] D. Shah, T. Roychowdhury, J. N. Hilfiker, and M. R. Linford, “Polyethylene

glycol: Optical constants from 191 to 1688 nm (0.735–6.491 ev) by spectro-

scopic ellipsometry,” Surface Science Spectra, vol. 27, no. 1, p. 016001, 2020.

[119] A. C. Costa, S. Pimenta, J. F. Ribeiro, M. F. Silva, R. F. Wolffenbuttel,

T. Dong, Z. Yang, and J. H. Correia, “Pdms microlenses for focusing light

in narrow band imaging diagnostics,” Sensors, vol. 19, no. 5, p. 1057, 2019.

[120] R. Niemeier and J. Rogers, “Low-cost reflective hilger–chance refractome-

ter used to determine sellmeier coefficients of bulk polydimethylsiloxane,”

Applied optics, vol. 58, no. 22, pp. 6152–6156, 2019.

[121] M. L. Hammock, A. Chortos, B. C.-K. Tee, J. B.-H. Tok, and Z. Bao, “25th

anniversary article: the evolution of electronic skin (e-skin): a brief history,

134



design considerations, and recent progress,” Advanced materials, vol. 25,

no. 42, pp. 5997–6038, 2013.

[122] A. Nathan, A. Ahnood, M. T. Cole, S. Lee, Y. Suzuki, P. Hiralal, F. Bonac-

corso, T. Hasan, L. Garcia-Gancedo, A. Dyadyusha, et al., “Flexible elec-

tronics: the next ubiquitous platform,” Proceedings of the IEEE, vol. 100,

no. Special Centennial Issue, pp. 1486–1517, 2012.

[123] D.-H. Kim, R. Ghaffari, N. Lu, and J. A. Rogers, “Flexible and stretchable

electronics for biointegrated devices,” Annual review of biomedical engineer-

ing, vol. 14, pp. 113–128, 2012.

[124] M. Stoppa and A. Chiolerio, “Wearable electronics and smart textiles: A

critical review,” sensors, vol. 14, no. 7, pp. 11957–11992, 2014.

[125] L. Xiang, H. Zhang, Y. Hu, and L.-M. Peng, “Carbon nanotube-based flexi-

ble electronics,” Journal of Materials Chemistry C, vol. 6, no. 29, pp. 7714–

7727, 2018.

[126] T.-H. Han, H. Kim, S.-J. Kwon, and T.-W. Lee, “Graphene-based flexible

electronic devices,”Materials Science and Engineering: R: Reports, vol. 118,

pp. 1–43, 2017.

[127] H.-M. So, J. W. Sim, J. Kwon, J. Yun, S. Baik, and W. S. Chang, “Carbon

nanotube based pressure sensor for flexible electronics,” Materials Research

Bulletin, vol. 48, no. 12, pp. 5036–5039, 2013.

[128] J. Chen, J. Zheng, Q. Gao, J. Zhang, J. Zhang, O. M. Omisore, L. Wang, and

H. Li, “Polydimethylsiloxane (pdms)-based flexible resistive strain sensors

for wearable applications,” Applied Sciences, vol. 8, no. 3, p. 345, 2018.

135



[129] B.-S. Lin, Y.-C. Yang, C.-Y. Ho, H.-Y. Yang, and H.-Y. Wang, “A pdms-

based cylindrical hybrid lens for enhanced fluorescence detection in microflu-

idic systems,” Sensors, vol. 14, no. 2, pp. 2967–2980, 2014.

[130] H. Zhang, T. Qi, X. Zhu, L. Zhou, Z. Li, Y.-F. Zhang, W. Yang, J. Yang,

Z. Peng, G. Zhang, et al., “3d printing of a pdms cylindrical microlens array

with 100% fill-factor,” ACS Applied Materials & Interfaces, vol. 13, no. 30,

pp. 36295–36306, 2021.

[131] A. Llobera, S. Demming, H. N. Joensson, J. Vila-Planas, H. Andersson-
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