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Fig. 1-1   Schematic view of Flame-Fusion Method.  
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Fig. 1-2  Schematic illustration of CZ method. 
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  Fig. 1-3 Schematic of hydrothermal method. 
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  Fig. 1-4 Schematic of Flux growth method. 
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Fig. 1-5 Schematic of Floating Zone method. 
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Fig.1-6 Schematic illustration of KY method. 
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Fig.1-7 Schematic illustration of HEM. 
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Fig. 1-8 Schematic illustration of the TSMG method. 
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Fig.1-9 Schematic illustration of VB(Vertical Bridgeman) method. 
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Fig.1-10 Schematic illustration of HDC method. 
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  Fig.1-11 Schematic illustration of EFG method. 
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    Table 1-1  Comparison of substrate materials for GaN. 

 GaN Sapphire SiC Si AlN ZnO 

Lattice matching 

Crystallinity 

Thermal 

conductivity 

Heat resistance 

Chemical 

durability 

Workability 

Band Gap 

Energy(eV) 
3.4 9 2.9 1.1 6.3 3.3 

Cost 

Availability 
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Fig. 1-12 Demand of sapphire substrate. 

(Estimated by some marketing companies data) 
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Fig.1-13 The objectives of this study. (Conception diagram) 
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Fig. 2-1 Photograph of FFM Furnaces. 

Fig. 2-2 Photograph of sapphire boules grown by FFM. 
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 Fig. 2-3 Photograph of spectrophotometer. 
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Fig. 2-4 Photograph of Photoluminescence spectrometer. 
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Fig. 2-5  Transmittance of Cr-doped Al2O3 (Ruby). 

Cr:1000ppm as grown 
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Fig. 2-7  Transmittance of Ni-doped sapphire. 

Fig. 2-8  Transmittance of Co-doped sapphire. 
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Fig. 2-10  Transmittance of Fe and Ti doped sapphire. 

As grown boule 

Fig. 2-9  Transmittance of Fe-doped sapphire. 
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Fig.2-11   Ti-doped Sapphire boules.
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Fig. 2-12    Color change of specimens before and after UV irradiation. 
Specimens were (a) as grown, (b) annealed in oxidized atmosphere,  
(c) annealed in reduced atmosphere. 
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Fig.2-13   Transmittance change before and after UV irradiation 
(a) Compare between before and after UV irradiation 
(b) Detail of transmittance change in the UV region 
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Fig.2-14   Transmittance of Si, Fe and Mg doped sapphire 
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Fig. 2-15   Photoluminescence spectrum of Ti-doped sapphire. 

Fig. 2-16  Exiting-wavelength dependence for 410nm emission. 
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Fig. 2-17   Emission and absorption versus Ti concentration 
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Fig. 2-18  PL emission and absorption after UV irradiation of co-doped sapphire. 
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                    Table 3-1  Comparison table of growing methods. 

 CZ TSMG KY 

Classification Melt Growth Melt Growth Melt Growth 

Pull-up Yes Yes No 

Rotation Yes Yes No 

Growth Point Near the Fluid 

Level 

In the Melt In the Melt 

Temperature Gradient Large Small Small 

Crystal’s Diameter Small Large Large 

Contact with Crucible None None Yes 

Control of Shape Easy Possible Difficult 

Growing Direction a, c a, c, r, m a 

 

 

 

 

 

Fig. 3-1  Photograph of the TSMG furnaces. 
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FFM TSMG

ICP

Fe<1ppm, Cr<2ppm, Ti<0.5ppm, Si<10ppm, Mo<5ppm

CZ Flame-Fusion Method FFM

 

Table 3-2 TSMG Ar

CO

SR-TSMG CZ Ir N2 O2(2%)

FFM  

c (0001) a (11-20)

2~10mm

-70 O2 H2(2%)/N2 1LPM 1400

1500 SR-TSMG 1650 -10h

H2-O2 1650 -10h 1750 -10h  

200nm 2000nm HITACHI U-4100 120~300nm

JASCO KV-201 JASCO FT/IR 4100

(PL) HITACHI F-7000 X (XRC)

RIGAKU Smart Lab 4  
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Fig. 3-2   Photograph of Vacuum Ultra-Violet Spectrophotometer. 

Table 3-2   Growing conditions and preparation of specimens. 
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Fig. 3-3   Photograph of X-ray diffractmeter. 

Fig. 3-4   Photograph of FT-IR spectrophotometer. 
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Fig. 3-6 3
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Al 2/3
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F+-center (230nm, 258nm)  

 

Al2O3 → 2  + 3  + 3/2O2(g) (3-1) 
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FFM CZ

258nm 180nm 160nm CZ

CZ O2 2% FFM
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O F
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Fig. 3-5    Photograph of grown crystals and their XRCs. 

Fig. 3-6   Transmittance of as grown crystals in UV region. 

 (specimens: c -plane) 



- 61 - 
 

. . TSMG  

3.4.3.1 as-grown  

 Fig. 3-7 TSMG as-grown F

F+

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3-7   Transmittance as-grown crystals, (a) c (0001) plane, (b) a (11-20) plane. 
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3.4.3.2  

Fig. 3-8 1400 , 10h O2

F c 2mmt F

205nm 60% c 2mmt

H2(2%)-H2O(2%)/N2 205nm 30%
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O c a

c F
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3 2 c

[22,23]   
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195nm F+ [18,26]

(2  + 3 )
 

( ) (3-3 )

(3-4 )  

 

 + 1/2O2(g) →            (3-2) 

 + 1/2O2(g) →   + 2      (3-3) 

 +   →                (3-4) 
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Fig. 3-8   Transmittance after heat treatment at 1400  for 10h, 

(a) c (0001) plane, (b) a (11-20) plane. 
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Fig. 3-9 1400 10h

200nm 2 3

50h 1500

1400

170nm 195nm 258nm

 

F+ F

(F-center) (3-2 (3-3)) F+ ( )

(3-3) (3-4)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-9   Transmittance change annealed in the air. 

          (Specimens; c (0001) plane, 2mmt) 
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Fig. 3-10 H2-H2O/N2 air

Air 1500 170nm 195nm 258nm

F F+

H2-H2O/N2

155nm, 180nm, 230nm

155nm, 180nm as grown FFM CZ

Fig. 3-7 F+
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Fig. 3-11   Transmittance after heat treatment in the air and H2-H2O/N2 

atmosphere. (Specimens; c (0001) plane, 2mmt) 
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3.4.3.3 TSMG  

33x10mmt Fig. 

3-11
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Fig. 3-11    Transmittance of strongly-reduced TSMG (SR-TSMG) sapphire. 

(Specimens: c -plane, 10mmt) 
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Fig. 3-12 1650

H2-O2 F

 

1750 H2-O2 F F+
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400nm UV
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Fig. 3-12   Transmittance change of normal and strongly-reduced TSMG sapphire. 

            (Specimens: c -plane, 10mmt) 
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Fig. 3-13 H2-O2 3050nm

FFM 2923nm, 3050nm, 3066nm

OH

[27,28] as grown
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Fig. 3-13   Transmittance of sapphire in IR region. 
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Fig. 3-14   Photoluminescence spectrum of sapphire. 
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Fig. 3-15   Absorption coefficient of TSMG-sapphire after heat treatment 

compared with FFM-sapphire.    (Specimens; c (0001) plane) 

Absorption coefficient (α) : α= - (1/x) ln(I/I0) x:thickness 
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S. Hoffmann,S. T. Norberg,M. Yoshimura, J Electroceram, 116, 
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International, 49 (2009) 1290-1297  

A.M. Lejus, D. Goldberg and A. Revcolevschi, C.R.Seances  

Fig. 4-1  Phase diagrams of Al2O3-TiO2 system. 
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γ-Al2O3 (99.99%) TiO2 (99.99%)

FFM 1300 ,10h FFM
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Raw Materials 

Alumina ceramic 

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

melt 
crystal 

Fig.4-2 Schematic illustration of the “Chopping-Stob Method” 

 (a) the raw materials accumulate conically on alumina ceramic plate, 

 (b) the top of the cone melts, 

 (c) the top part crystallizes to form a seed, 

 (d) crystal growth proceeds. 
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Fig. 4-3    Crystals grown under various atmosphere and raw materials. 

(a) Grown in O2 rich atmosphere using mixed powder,  

(b) Grown in H2 rich atmosphere using mixed powder, 

(c) Grown in O2 rich atmosphere using calcined powder, 

(d) Grown in H2 rich atmosphere using calcined powder, 

(e) Grown in O2 rich atmosphere using mixed powder,  

voids were seen in removed the crust, 

(f) Grown in H2 rich atmosphere using mixed powder,  

  voids were less than O2 rich boule. 
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Fig.4-4   Powder XRD patterns, (a) grown in H2 rich atmosphere, 

 (b) grown in O2 rich atmosphere,  (c) β-Al2TiO5 , (d) α-Al2TiO5 , 

 (e) Al6Ti2O13[1] and (f) Al16Ti5O34[1]. 
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Fig. 4-5
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Fig. 4-7
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Fig.4-5   XRD patterns of cross-sectional surfaces,  

(a) cut surface perpendicular to growing direction,  

(b) and (c) fractured surfaces parallel to growing direction.  

Fig.4-6    Image of crystal growth. 

Needle or pillar crystals were aggregated into bulk.  
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Fig.4-7   Fracture or cut surfaces and boule using seed crystal. 

      (a) ; Fracture surfaces, cleavage were seen on (100) surface,  

      (b) ; Fracture surface, tilted pillar were grown in the middle of growing,  

      (c) ; Cross-sectional view (cut surface) grown in O2 rich atmosphere,  

      (d) ; Cross-sectional view grown in H2 rich atmosphere, 

      (e) ; Grown in H2 rich atmosphere and annealed at 1600 , 5h, in air,  

      (f) ; Boule using seed crystal. 
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Fig.4-8   Al2TiO5 crystals grown at various Al/Ti ratios.  
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Fig.4-9   Powder XRD patterns of crystals changed Al/Ti ratio. 

        Miller indexes indicate Al6Ti2O13[ICDD 04-011-9446]. 
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Fig.4-10   Lattice constant of grown crystals. 
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Fig.4-11   Heat treated boules and its powder XRD patterns. 

Fig.4-12   Heat treated boules at 750 , for 150h. 

(Sample: Al/Ti=1.02, in O2 rich atmosphere) 

(a), (b) in air      (c), (d) in H2-H2O/N2 

(a) 

(b) 

(c) 

(d) 
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Fig. 4-13  Photoluminescence of Al2TiO5. 
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Granulating 
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Measure the Powder 
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SrCO3(>4N) + TiO2(>4N) Ball milling 

Ball milling, Spray dryer or Granulating machine  

+ Dispersant (Ammonium polycarboxylate) + Water 

Dried and calcined in Electric Furnace at 700~1200  

Flame-Fusion Method 

Fig. 5-1  Experimental procedure for granulating. 

Evaluating 

Powder characteristics : Powder-Tester  

Dropping amount : FFM furnace 

Make the substrates : 15x15x0.5mm, {001} plane 

X-ray Rocking Curve, AFM images 
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Fig. 5-2 FFM
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Fig. 5-3

0.5g/min

0.3g/min

5%  

Fig. 5-4

0.3~1.0g/min

3~10%  

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

0 50 100 150 200

D
ro

pp
in

g 
am

ou
nt

 (g
/m

in
) 

Time (min) 

Fig. 5-2  Temporal change in dropping amount of Spray Dried powder. 
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Fig. 5-3   Initial dropping amount with change the concentration 

of dispersant. (Water content: 7%) 

Fig. 5-4   Initial dropping amount with change the water content.     

(Dispersant: 5%) 
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5.3.1.3  

Table 5-1 Fig. 5-5

Fig. 5-6, Fig. 5-7, Fig. 5-8 

 

(Fig.5-6) 4000rpm 6000rpm

10%

7% 10min  

5 1

25%

 

 
Stability=((max-min) / 2) / Average × 100(%)   (5-1) 

 

Fig. 5-8

(5-2 )

 

 

 Compressibility = (TD BD) / TD × 100 (%) (5-2) 

TD: Tapped density, BD: Bulk density  

 

35~45%
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Factor Level 1 Level 2 

Dispersant amount 5wt% 7wt% 

Water content 10wt% 7wt% 

Mixing time 5min 10min 

Rotating speed 6000rpm 4000rpm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5-1   Granulation experiment using Agitation-mill.

(L8: Taguchi Method) 

(cf: http://www.dalton.co.jp/products/.html) 

Fig. 5-5  Schematic illustration of granulating machine 

(Agitation-mill).

Scraper 

Agitator 

Nozzle 
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Fig. 5-8   Initial Dropping amount and Stability vs. Compressibility 

Stability=((max-min)/2)/average ×100% Target: <25% 

Fig. 5-7   Dropping rate (Stability). 
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. .  

Fig. 5-9

GD-MS Table 5-2 ICP

Table 5-3  

Si ppm

Al, Nb

3N8 Conventional 

material ICP

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-9   Photographs of as grown boule and substrates. 

Un-doped     Nb-doped 



- 105 - 
 

 

 

 

Elements SrCO3 (A) 

(99.99%) 

SrCO3 (B) 

(99.9%) 

TiO2 

(99.99%) 

SrTiO3 

(powder) 

SrTiO3 

(crystal) 

Al 0.29 0.47 0.29 0.81 1.3 

Si 2.2 3.7 5.7 5.9 0.11 

Cr 0.9 0.84 1.3 0.81 <0.5 

Fe 1.5 1.3 4.1 2.2 0.62 

Co 0.19 <0.05 <0.05 0.18 <0.05 

Ni <0.5 <0.5 0.28 0.13 <0.05 

Nb <50 <50 <0.5 2.7 1.5 

Ba 5.7 500 <0.5 0.69 <0.5 

La 9.6 0.43 <0.1 <0.5 <0.5 

 

 

 

 

 

 

 

 

 

 

 

 

Impurity Developed Material Conventional Material 

Ba 4 ppm 75 ppm 

Ca 9 ppm 6 ppm 

Al 3 ppm 7 ppm 

Purity >99.99% >99.98% 

Table 5-3   Impurity of Substrates. (ICP analysis: Typical data) 

Table 5-2   Major impurities in raw materials and crystal analyzed by GD-MS. 

(Analyzed by Evans Analytical Group in USA.) 
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Fig. 5-10  X-ray Rocking Curves for substrates.  (Typical data) 
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Fig. 5-12   Resistivity of Nb-doped SrTiO3. 

Fig. 5-11  AFM images for STEP substrates produced 

from new material. 

2μm 
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. . SrTiO3  

5.3.3.1 As-grown  

Fig.5-13 as-grown

H2-O2

As-grown

430nm(2.9eV) 520nm(2.4eV)

[7,11]

 

As-grown ( )

H2-O2

10-6atm STO

Ti Ti4+ Ti3+ (Eq.5-3, Eq.5-4)  

 

   →  + 2 + 1/2O2 ↑  (5-3) 

   +  →  +  + + 1/2O2 ↑   (5-4) 

 
 

 

 

 

 

 

 

 

 

 

 

 Fig. 5-13   Transmittance of as-grown crystal.
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5.3.3.2  

Fig.5-14 400~700nm

530nm(2.4eV)

700 1300

1600

 

Fig.5-15 IR IR 2.86μm(3495cm-1)

2.96μm(3380cm-1) 2.98μm(3356cm-1) 1600

2.96μm(3380cm-1) 2.98μm(3356cm-1) 2.86μm 

(3500cm-1) O-H

2.96μm (3384cm-1) 2.98μm (3355cm-1) Sr

O-H

1100 [20] 1600

Sr

O-H STO

O-H

Sr Sr

2.96μm(3380cm-1) 2.98μm(3356cm-1)

Sr 2 ( RP (n SrTiO3 SrO) TiO2-x )

[26] XRD 2

SrO (Eq.5-5) 2 [15]  

 

 +  →  +  + SrO             (5-5) 
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Fig. 5-14   Transmittance of specimens heat treated in air. 
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Fig. 5-15   Transmittance of specimens heat treated in air, in IR region,    

(a) wide range, (b) at near the 3500cm-1.  

(a) 

(b) 
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5.3.3.3  

Fig.5-16 700 10h O2 H2(10%)-N2 ( H2-N2 )

TiO2 (

)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-16   Transmittance of STO heat-treated in air, O2 and H2-N2 

atmosphere at 700 . Photograph shows specimens compared with 

TiO2.  
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As-grown

Sr as 

grown , , , ,  

As-grown O2

(Eq.5-6)  

 

 + 2 + 1/2O2 →           (5-6) 

 

400~700nm ( B )  

STO Sr Sr-O

Ti [25]

VSr (VSr-VO)

[18] ( )

(Eq.5-7) p ( ) Sr

(Eq.5-8) [27]  

 

 + 1/2O2 →  + 2        (5-7) 

 + 2  →         (5-8) 

 

H2-N2

400~550nm ( Y )

TiO2 H2

TiO2 H2

(Eq.5-3, Eq.5-4) STO

1000

 

( )

Sr ( )
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O-H H-

( ) Eq.5-9 (Hydride: H-)

[20, 23]

 

 

 + 2 + H2 →           (5-9) 

 

Fig.5-17 700 O2 H2-N2

700

 

 

  + H2  →  + 2  + 2 →  + 2             (5-10) 

 + 2 + H2 →                                   (5-11) 

 + 1/2O2 →  + 2  + 2                   (5-12) 

      + 2   + 2 →   + H2↑                             (5-13) 

 

Eq.5-10 Sr

B (H-)

Y (Eq.5-11)

(Eq.5-12, Eq.5-13)  
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Fig. 5-17   Transmittance after alternative heat treatment in O2 

and H2-N2 , at 700 . (Sample thickness: 2mm) 
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Fig.5-18 700 O2 H2-N2 IR

O-H

700

O-H  

(Hydride: H-)

[23]

Eq.5-9 H-

Y

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5-18   Transmittance of STO repeated heat treatment in O2 

and H2-N2, in IR region. 
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5.3.3.4   

Table 5-2 Si

Al, Nb

Nb, Al, Si  

Fig.5-19 Al, Si STO

Un-doped STO Y Nb STO

As-grown  

Nb As-grown

 

 

Nb2O5 → 2  + 4  + 2 + 1/2O2 ↑   (5-14)   

 

As-grown Nb W 425nm(2.9eV) 514nm(2.4eV)

STO Ti3+ Sr

Y 425nm(2.9eV)

B 514nm(2.4eV)

 

Fig.5-19 Al Un-doped Y

Al B

(Eq.5-15)  

 

  Al2O3 + 3  + 6  → 2  + 3  + 2       (5-15) 

 

Y

Y

Al Y 50ppm 100ppm

A Al

[23]  

Si Y Si B
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Fig. 5-19   Transmittance of Al, Si, Nb and W doped STO heat 

treated at 700  in H2-N2. 
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Fig.5-20 SrCO3 B Ba

SrCO3 B Table 5-2 Ba

500ppm(wt) Ba Y

Ba 500ppm(at) Y  

Ba Si A B

Sr-O

Y

 

Y
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Fig. 5-20   Transmittance of STOs from different raw materials 

and Ba 500ppm doped, heat-treated in H2-N2, at 700 .  
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