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Fig. 1-3 Morpho butterfly (Morpho menelous, male, reverse side)



Fig. 1-4 Confocal microscopic image of wing Fig. 1-5 Scanning ion microscopic
surface of Morpho menelous image of vertical stripes over the scales

Fig. 1-6 Scanning ion microscopic image of cross-section of a scale of Morpho
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Fig. 1-7 Tilted wing of Morpho menelus
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2 FIB-CVD

2-1
2
Lin
3
[5]
3
3
[113]
Yablonovite
[114] [115]
[116]
(Focused lon Beam: FIB) (Chemical
Vapor Deposition: CVD) FIB-CVD

17



2 FIB-CVD
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Fig. 2-1 Numerical simulation model
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2 FIB-CVD
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0.2; 02 02
0.15 0.15- 0.15
> L |
© 01 ‘_ 0.1 : 0.1
i
0.05 0.05 0.05~
0 | | | 0 | | | |
0
X 0 0.05 01 015 0.2 0 01 02 03 04 05
Reflectance, Reflectance,
d/L=04,L=5um,[111] 4 layers 16 layers

Fig. 2-5 Band structure for d/L = 0.4, L =5 pum in [001] direction and the corresponding
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2 FIB-CVD
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2 FIB-CVD
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Fig. 2-7 Schematic of chemical vapor deposition
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2 FIB-CVD
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Fig. 2-9 The 3D photonic crystals fabricated by FIB-CVD
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2 FIB-CVD
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2 FIB-CVD

Fig. 2-10 Microscopic FT-IR spectrometer (Micro FT/IR-300, JASCO)

Fig. 2-11 Optical system of Micro FT/IR-300
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2 FIB-CVD
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sample stage

Cassegrain mirror

Fig. 2-12 Optical system of the measurement of reflection or transmission
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2 FIB-CVD
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3-1
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3-2
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Fig. 3-1 Optical constants of SIO, (Glass)
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Fig. 3-2 The calculated reflectivity of SIO, glass
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Fig. 3-3 Band structure of fcc lattice of spheres
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Fig. 3-4 Thefcc lattice and Brillouin zone of fcc lattice
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3-3
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3 Sample A
1,2,3
0.5 mm Sample B
3,5,8,10, 16 10 mm x 10 mm
0.3 mm
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5 cm, : 0.3 mm
2 um 3 um
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3-8
[132]
Rz{l (11_‘:2);] T= (11_‘:2):;
r (3-1)
7 = exp(— 4akh/1)
k h A
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0.46 0.55
Al;0O3 ZnSe
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2 um-10 3 um-10

incandescent lamp

Halogen lamp micro-syringe

substrate

Fig. 3-5 Schematic of apparatus for the fabrication of samples
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Fig. 3-6 Opal color of 1 layered close-packed structure of silica micro-spheres

Fig. 3-7 Full image of asample

45



Refractive index n,
Extinction coefficient k,

10‘9""\"\\\\\\\\\\\\\\\\
2 3456 7 8 91011121314151617181920

Wavelength, um

Fig. 3-8 Optical constants of silicon
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Fig. 3-9 The calculated spectral reflectance and transmittance of silicon wafer with 0.3
um thickness
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Table 3-1 Sampleslist

Sample A
Sphere size [um)] 1 2 3
Number of layers 1,23 1,23 1,23
Sample B
Sphere size [um] 2 3
Number of layers 3,5,8, 10,16 3,5,8,10, 16
Sample C
Sphere size [um] 2 3
Number of layers 5,10, 20 5,10, 20
Double-layered structures
Number of layers
topside
Sphere size: 3 um 4 ° 8 10 16
topside
Sphere size: 2 um 4 ° 8 10 16
Glass substrate
Sphere size [um] 2 3
Number of layers 10 4,8,9, 10

a7




3-4
(Scanning lon Microscope:
SIM) (JFIB-2300, Sl) SIM 3-10
[111] fcc  hep
10 SIM 3-11, 12
SIM
3-13 2 um-10 3 um-10
2 um 3 um
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(b) 100 um %100 um (c) cross-section

Fig. 3-10 Scanning ion microscopic images
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Fig. 3-13 SIM images of double-layered structure; 3 um-10 layerson 2 um-10 layers
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3-5

SIM SEM
A ,
3-3 3
SIM  SEM
E101, HITACHI 3-14 SIM  JFIB-2300, Sl
SEM  S-3500N, HITACHI 3-15
Sample A SIM SEM
3-16, 17, 18 1 pum
753 1.14 pm 2um
772 2.07 um 3um
983 2.80 um
Sample B SEM Sample B
3um Sample A 3um Sample B 2. um
SEM 3-19 815
2.08 um
Sample C
1
SEM
SEM
3-20, 21
2 um 3 um 3543 2831

199 um 299 um
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Fig. 3-14 lon sputter (E101, HITACHI)

Fig. 3-15 Scanning el ectron microscope (S-3500N, HITACHI)
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Fig. 3-16 SIM image of sample surface (Sample A, d: 1um) and measured particle-size
distribution
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Fig. 3-17 SIM image of sample surface (Sample A, d: 2um) and measured particle-size
distribution
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Fig. 3-18 SEM image of sample surface (Sample A and B, d: 3um) and measured
particle-size distribution
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Fig. 3-19 SEM image of sample surface (Sample B, d: 2um) and measured particle-size
distribution
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Fig. 3-20 The one of SEM image of sample surface (Sample C, d: 2 um) and measured

particle-size distribution
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Fig. 3-21 The one of SEM image of sample surface (Sample C, d: 3 um) and measured
particle-size distribution
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Reflectivity,
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Fig. 3-22 Spectral reflectivity of silicaglass
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(b) Spectra reflectance of close-packed silica2 um spheres
1

0.9 - —— 1layer
0.8 — 2 layers
0.7 — 3layers
0.6 - ¢

0.5
0.4
0.3
0.2
0.1

0

Reflectance,

| | |
2 3 45 6 7 8 9 1011 12 13 14 15 16
Wavelength, um

(c) Spectral reflectance of close-packed 3 um silica spheres

Fig. 3-23 Spectral reflectance of close-packed silica micro-spheres
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3-7
3-7-1
FT-IR MagnaIR 760, Nicolet 3-26

(M-500, Spectratech) 3-27

3-28

3-29

mm 0.2 mm

He-Ne

2-20 pm (5000-500 cm™)

FT-IR
II’,A|(/L@
I 1,60
R(A,G): r,smp( )
Ir,AI (1’0
Sample B 2 um-10
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Fig. 3-26 FT-IR (Magna-IR 760, Nicolet)

sample holder

mirror &
-4

W

mirfor
mirror

Fig. 3-27 Accessory for the measurement of directional spectral specular reflectance

Fig. 3-28 A experimental setup Fig. 3-29 Sample holder
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FT-IR
20°
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Wavelength, um

Reflectance,

0 ‘ \ \ \ \ \

2 3 4 5 6 7 8 9 10
Wavelength, um

Fig. 3-30 Directiona spectral specular reflectance of a 10 layered sample assembled

with 2 um silica particles
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Fig. 3-31 Directiona spectral specular reflectance of a 10 layered sample assembled
with 3 um silica particles
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3-8
3-8-1
[134]
0 AB
[134-137]
d :
Ag =2-\ng —sin®0  (m=1,2,3, ..) (3-7)
m
d]_l]_ fcc (111) d111 =4/ 2/ 3D Nest
[ 77,78,8387]
Ngi = MNijca + (1_ ¢)n;r (3-8)
¢ 0.74 Nslica  Nair
[130] 14
1.0 3-5 Neff 1.31
3-8-2
[o4] Scalar Wave Approximation: SWA
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Koya = ko\/Z[H At \/(1+ A +1- \/4- @+A) +g—§
0
ko
k, =w/c=2rx/Ac
A
A=2)As -1
IB
Jg = 204/50
&0 &s
¢
£o = e, +(1- )k
&s
gg=n2
7.5 mm
7.5 pm Uc
Rayleigh-Gans
Ug = 3 (&, — &, )sin(GR)- GRcos(GR)]
(GRY’
G Ug
G=2x/d,,
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3-8-3

3.42

MRs

2/, exp(— ik, Ndlll)

Towa = : : (3-17)
23, cos(kNd,,; ) —i(L+ B2 )sin(kNd,,, )
Ko (1_ 2)
=0 1
& k(1-%)+ Gz (318)
z SWA
K? — gok?
z 0 .
o (3-19)
Rswa
Rawa =1=Tawa (3-20)
14
Multiple Reflections:
[132]
M1 272 Ty (11, )2 (1-1y )2 222
R = [+ 23 12 2 + 34 12 23 2°3 3_21
a - EP) I’23122 1- r23"34732 ( )
(3-1) a
hsrnp
hep = [(N ~1)dyy, + 1] (3-22)
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Fig. 3-32 Comparison of measured Bragg reflection peak wavelength of Sample A with
calculated value by Bragg's law taking into account Snell’s law
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Fig. 3-33 Comparison of measured Bragg reflection peak wavelength of Sample B with
calculated value by Bragg's law taking into account Snell’s law
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Fig. 3-34 Comparison of experimental with calculated result of 10 layered samples
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Fig. 3-35 Variation of reflection spectra of silica (glass) calculated by Fresnel equation
as afunction of incident angles

76



0.6
d: 2 um — 3layers
05 —— b5 layers
multiple reflections ———— 8layers
v 04: 10 layers
3]
S
5 0.3
Q
©
x 02
0.1
0 | | | |
2 4 6 8 10 12 14 16

Wavelength, um

Fig. 3-36 Variation of spectral reflectance as a function of the number of layers for

close-packed 2 um silica spheres

0.6
d: 3 um ——— 3layers
05 —— b5layers
multiple reflections ——— 8layers
o 04: ——— 10 layers
O
S
5 0.3
Q
)
xy 02
0.1
0 -
2 4 6 8 10 12 14 16

Wavelength, um

Fig. 3-37 Variation of spectral reflectance as a function of the number of layers for

close-packed 3 um silica spheres
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Fig. 3-38 The variation of peak position and width as a function of the number of layers
for close-packed 2 um silica spheres
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Fig. 3-39 The variation of peak position and width as a function of the number of layers
for close-packed 3 um silica spheres
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Fig. 3-40 Comparison of experimental and calculated spectral

close-packed 2 um silica spheres of 10 layers
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Fig. 3-41 Comparison of experimental and calculated spectral reflectance for

close-packed 3 um silica spheres of 10 layers
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Fig. 3-42 Comparison between experimental results from Micro-FT/IR 300 (Jasco) and
Magna-IR 760 (Nicolet) for close-packed 2 um silica spheres of 10 layers
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Fig. 3-43 Comparison between experimental results from Micro-FT/IR 300 (Jasco) and
Magna-IR 760 (Nicolet) for close-packed 3 um silica spheres of 10 layers
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Fig. 3-44 Spectral reflectance of double-layered close-packed structures having layers of
3 umsilicaparticleson layers of 2 um; (@) 4, (b) 5, (c) 8, (d) 10, (e) 16 layers
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Fig. 3-45 Comparison of spectra reflectance of the double-layered close-packed
structure having 3 um-10 layers on 2 um-10 layers with that of 2 um-10 layers, 3
um-10 layers, and that of 2 um-10 layers and 3 um-10 layers
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Fig. 3-46 Spectral reflectance of a close-packed 2 um silica spheres of 10 layers
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Fig. 3-47 Spectra reflectance of 3 um-10 layered sample fabricated over a thin glass
plate
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Fig. 4-1 Developed experimental setup for the measurement of bi-directional spectral
reflectance
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Fig. 4-2 Optical system of developed experimental setup
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Fig. 4-4 Operation of the measurement of diffuse reflection
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Fig. 4-7 Spectral intensity when the radiation source is off
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Fig. 4-8 Reflectance of silicon wafer
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Fig. 4-15 Comparison of measured spectral reflectance in normal incidence of 10
layered close-packed 2 um silica spheres with calculated
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Fig. 4-16 Comparison of measured spectral reflectance in normal incidence of 10
layered close-packed 3 um silica spheres with calculated
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Fig. 4-17 Diffuse reflection spectra of 2 um-10 layered sample
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Fig. 5-1 Spectral transmittance for the incident direction
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Fig. 5-2 Spectral transmittance of close-packed structure of 2 um silica particles; (a) 3, (b)
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Fig. 5-3 Spectral transmittance of close-packed structure of 2 um silica particles; (a) 3, (b)
5, (¢) 8, (d) 10, (e) 16, (f) 20 layers
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Fig. 5-4 Accessory for the measurement of directional spectral transmittance
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Fig. 5-5 The directional spectral transmittance of close-packed 2 um-10 layers
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Fig. 5-6 The directional spectral transmittance of close-packed 2 um-10 layers
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Fig. 5-7 The dip wavelength as a function of incident angles
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Fig. 5-8 Comparison of experimental and calculated spectral transmittance of 2 um-10
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Fig. 5-9 Comparison of experimental and calculated spectral transmittance of 3 um-10
layered sample in normal direction
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Fig. 6-3 The transmitted radiant flux
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6-1 The experimental data of radiant flux [W/m?]

Sample

Film thickness

Temperature of radiative source[ ]

[um]
400 500 600 700 800
incident intensity - 89 142 214 310 429
Si substrate - 58 91 140 209 287
2 um- 5 layers 8.5 38 61 95 149 208
3 um- 5 layers 12.8 38 64 104 162 232
2 um-10 layers 16.7 80 50 81 125 175
3 um-10 layers 25.0 31 53 87 138 203
2 um-20 layers 33.0 22 35 56 89 130
A s a7 20 | 3 | e | 9% | 13
3 um-20 layers 495 22 41 68 109 161
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6-2 The experimental data of transmittance

i ) Temperature of radiative source[ ]
Sample Fil m[th;ﬁ]knesx
1)
400 500 600 700 800
incident intensity - 1.00 1.00 1.00 1.00 1.00
Si substrate - 0.65 0.64 0.66 067 | 067
2 um- 5 layers 8.5 0.42 0.43 0.45 048 | 048
3 um- 5layers 12.8 0.42 0.45 0.49 052 | 054
2 um-10 layers 16.7 0.34 0.36 0.38 0.40 0.41
3 um-10 layers 25.0 0.35 0.38 041 0.45 0.47
2 nm-20 layers 33.0 0.25 0.24 0.26 029 | 0.30
A s a7 022 | 025 | 028 | 031 | 032
3 um-20 layers 49.5 0.25 0.29 0.32 035 | 038
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R=2 mm, L=5 mm, s=0 mm, H=50 mm A1=5 mm, A=21tR=12.57 mm
F,y, 0.0317
Jo
15.3 15.3
O = le_L E,di= F21j28/1 E,, dA (6-4)
FT-IR FT-IR
2< i< 153 1%
G
15.3
48 3
(53
T, = exp(— K/l,smp hsrrp )exp(_ K/l,sub hsub ) (6'6)
b K’)\,
K, = 47K/ A (6-7)
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