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Sigma-Aldrich 99.99%  
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1/16
 

 

[1] feed pump  
AQUATH 8810

0.01 20 ml/min  

[2] spectrophotometer cell  
Figures 3-2

3-3  

i). GL 4 1/16 OFW l = 4 mm  

ii). SWAGELOK 1/4
l > 5 cm  

[3] light source  
Ocean optics DH-2000  

[4] UV-Vis spectrophotometer  
Ocean optics HR4000CG

400 m 1/16
 

3.3.2.  

in situ Figure 3-4

 
Figure 3-4  

[1] CO2 CO2 cylinder  

99.99% 6 MPa
 

[2] dryer  
SWAGELOK 316-HDF4-150

SUS316L 12.4 MPa 150 cm3 50.8 mm 133 mm
2.4 mm 0.43 kg  
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 5A 1/16
 

[3] filter  
HOKE 632xG2Y SUS316 34.5 

MPa −51 232  

[4] cooler  
EYELA CCA-1110

−20 20 SD
84 wt%  

[5] feed pump  
NP-KX-500

0.1~100 ml min−1 35 MPa
100 ml min−1  

[6] stopper  
HOKE 6133G2Y SUS316

41.4 MPa −29 177  

[7] solute dissolution cell  
HOKE 632xG2Y

SUS316 34.5 MPa −51 232 
 

[8] spectrophotometer cell  
Figure 3-3 SWAGELOK 1/4

 

[9] light source  
Ocean Optics DH-2000  

[10]  UV-Vis spectrophotometer  
Ocean Optics HR4000CG

400 m 1/16  

[11]  thermostatic water bath  
400×300×300 mm

EYELA NTT-2000  

PI. pressure indicator  
Setra System 280E ASAHI 
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KEIKI AS-144-2V-01-12  

V1. back pressure valve  
TESCOM 26-1700 Series 26-1762-24

SUS316 0.3 41.4 MPa −40 74  

V2-V4. stop valve  
Butech SLPV21R 103.4 MPa
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w = 20 nm  
Table 3-1 Figure 3-6

5×105 l/mol m
Figure 3-6 3

3.3%
 

Lambert-Beer
Table 3-2

8×105, 9×105, 
9×105 l/mol m 1.7%

 
Rice 103)

9.373×105 l/mol m
9×105 l/mol  

RESS
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2
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Figure 3-7 Figure 3-7
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Figure 3-8
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Table 3-1  
 

    
 

[nm] 
357 356 359 

 
[-] 

0.99 0.98 0.99 

 
[l/mol] 

2090 2058 2190 

 
×10−5 [l/mol m] 

5 5 5 
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Table 3-2  
 

    
 

[nm] 
357 356 359 

 
[-] 

0.99 0.96 0.98 

 
[l/mol] 

3568 3661 3687 

 
×10−5 [l/mol m] 

8 9 9 
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Table 3-3
RESS 318.2 K 15.0 MPa

Figure 3-9
Table 3-4

20×105 l/mol m
18×105, 16×105 18×105 l/mol m
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Table 3-4  
 

 SC-CO2    
 [nm] 431 443 447 447 

 [-] 1.00 0.90 0.98 0.89 
  

dA/dc×10−5 [l/mol] 
3.94 3.60 3.18 3.50 

 
×10−5 [l/mol m] 

20 18 16 18 
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  4.1.
RESS 92-94) RESS

 
RESS

 

 

  4.2.

4.2.1.  

 

  (1)
99.5%  

  (2)
95%  

  (3)
30.0 35.5%  

  (4)
56

 

  (5)
50 60%  

 1,1,1,3,3,3,-hexamethyldisilazane HMDS  (6)
96.0%
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4.2.2.  

 Anthracene  (1)
Acros Organics 99%

Table 4-1 15.0 MPa

 

4.2.3.  

  (1)
99.99%

304.1282 K 7.3773 MPa  

  (2)
sartorius arium® 611DI 18.1 M cm

 

 Si  (3)
P Si Table 4-2  

  4.3.

4.3.1.  

Figure 4-1 (1) (5)
(6)

(8)
(9)

(10) in situ (12)
Si

 

4.3.2.  

Figure 
4-1  
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Table 4-1  
 

 

 

 C14H10 

 178.23 

 489.25 K 

 613.05 K 
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Table 4-2 Si  
 

 P 
 1-100  
 (100) 

 CZ 
 MP 

 725 25 m 
 200 mm 

 - 
 0 nm 

 



85 

 
 
 

Figure 4-1 RESS  



86 

SUS316 3.18 mm 1.76 mm SWAGELOK
 

[1] CO2 CO2 cylinder  
99.99%

6 MPa
 

[2] dryer  
SWAGELOK 316-HDF4-150 SUS316L

12.4MPa 150 cm3 50.8 mm 133 mm 2.4 mm
0.43 kg  

 5A 1/16  

[3] filter  
HOKE 632xG2Y SUS316 34.5 

MPa −51 232  

[4] cooler  
CCA-1110

−20 20 SD 84 
wt%  

[5] feed pump  
NP-KX-500

0.1 100 ml min−1 35 MPa
100 ml min−1  

[6] heat exchanger  
SUS316 1/8

3.18 mm 1.76 mm 2 m  

[7] stopper  
HOKE 6133G2Y SUS316

41.4 MPa −29 177  

[8] solute dissolution cell  

SUS316 80 ml 5 mm
40  

[9] pre-expansion heater  
1-5717 400 
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AC100 Pt100 PID
−20.0 +500.0

2  

[10] UV-Vis spectrophotometer  
Ocean optics HR4000CG

400 m 1/16
DH-2000  

[11] spectrophotometer cell  
Figure 3-2 GL 4 1/16 OFW

4 mm  

[12] capillary nozzle  
GL

0.050 mm 0.375 mm 1 cm

SWAGELOK 1/16  

[13] hot-plate  
ND-1 10 

350 2 PID
 

[14] thermostatic air bath  
DSSF-113

40 260 0.1  at 100 0.2  at 200 260 79 L
450(W)×410(D)×430(H) mm  

[15] simple clean booth  
I

HEPA 0.3 m 99.97 
1 m3 min−1 0.5 m s−1  

PI. pressure indicator  
Setra System 280E ASAHI 

KEIKI AS-144-2V-01-12  

TI. temperature indicator  
Pt100  

V1. back pressure valve  
TESCOM 26-1700 Series 26-1762-24
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SUS316 0.3 41.4 MPa −40 74  

V2-V5. stop valve  
High Pressure Equipment 15-11AF2

SUS316 103.4 MPa  

V6. stop valve  
Butech SLPV21R 103.4 MPa

 

  4.4.

4.4.1.  

HMDS
40 15×15 mm  

Figure 4-2
4.2.1.  

  (1)
50 ml 2

 

  (2)
 

  (3)
50 ml 2

 

  (4)
10%

10
 

 SPM  (5)
40 ml

10 ml 10  

  (6)
50 ml

2 ml 10  
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Figure 4-2  
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  (7)
Vacuum Oven AVO-250 0.02 

MPa 10  

 HMDS  (8)
5 ml HMDS

HMDS
ND-1

HMDS 110  

4.4.2.  

12
 

 (1)
 

 V2 V6  (2)
  (3)
 V2 V3(4)

V6  
 (5)

 
  (6)
 30(7)

 
 (8)

 
 V3 V4 V5(9)

 
 (10)

 
 V3 V5(11)

 
 (12)

 
  (13)
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  (14)
 (10) (14)  (15)
 V5 V4 V3(16)

 
 V6 V3 V2  (17)
  (18)

  4.5.
 

4.5.1.  

SEM
 

[1]  
VH-5500

ZH-Z500 VH-S5
500 1000 2000 4000 5000  

[2]  
VE-9800 2 20 kV

30 50000
MPS-18 2 Pt/Pd  

4.5.2.  

Out-of-Plane  In-Plane
XRD X Out-of-Plane XRD In-Plane XRD Figure 
4-3 Out-of-Plane XRD X

XRD XRD
In-Plane XRD

X X

a b
X X

 
XRD XRD  
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Figure 4-3 Out-of-Plane XRD In-Plane XRD  
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[1] Smart Lab 
In-Plane XRD X

 SmartLab In-Plane X 0.2°  

[2] Mini-flex 
Out-of-Plane XRD X  

MiniFlex300  

4.5.3.  

SEM

 

(4-1)  

Lave

dLave/d
 

  4.6.

4.6.1.  

 
Table 4-3 P = 15.0 MPa

dspray = 3 cm Tsub = 323 K 10, 20, 30 300 
s Table 4-3

Figure 3-6
 

Figure 4-4

 

 (1)
 

Δθ
ΔLLG aveave

2
1

d
d

2
1  (4-1) 
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Table 4-3  
 

 Si 
 HF 
 10, 20, 300 s 
dspray 3 cm 

cpre 6.0×10−5 
Tsub 313 K 

P 15.0 MPa 
T 318.2 K 
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 Figure 4-4  = (a)10, (b)20, (c)30, (d) 300 s  
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 (2)
 

 (3)
 

2.4.1 Volmer-Weber
Volmer-Weber

Si
Si

 
2.4.2 

Volmer-Weber

 

4.6.2.  

 
Figure 4-5

A
B

A B

Table 4-4

 
RESS

303 328 K 308 316 K
Table 4-5  

Figure 4-6
K

3  
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Figure 4-5  



98 

 

Table 4-4  
 

 [K]  [K] 
303 308 
308 309 
313 311 
318 313 
323 315 
328 316 

 



99 

Table 4-5  
 

 Si 
 HF 
 30 s 
dspray 3 cm 

cpre 6.0×10−5 
Tsub 303, 308, 313, 318, 323, 328 K 
Tsurf 308, 309, 311, 313, 315, 316 K 

P 15.0 MPa 
T 318.2 K 
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 Figure 4-6 Tsurf = (a) 308 K, (b) 309 K, (c) 311 K, (d) 313 K, (e) 315 K,  
 (f) 316 K  
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  (1)
  (2)
  (3)

(1) (2)
2.2.4.

 

RESS y2 y2
*

y2
*

y2
*  

(2)
4.6.5.

 

4.6.3.  

Table 4-6 Figure 4-7
dspray =3 8 cm Si

(1) (2) (3) 

 

4.6.5.  

*
2

2ln
y
y

 (4-2) 
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Table 4-6
 

 
 Si 

 HF 
 30 s 
dspray 3, 4, 5, 6, 7, 8 cm 

cpre 6.0×10−5 
Tsub 
Tsurf 

313 K 
310 K 

P 15.0 MPa 
T 318.2 K 
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 Figure 4-7 dspray = (a) 3 cm, (b) 4 cm, (c) 5 cm, (d) 6 cm, (e) 7 cm, 
 (f) 8 cm  
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4.6.4.  

CO2

3 in situ Figure 4-8

V3

V3 V5  
Table 4-7 P = 

15.0 MPa T = 318.2 K
 

Figure 4-9

 
RESS (4-2) y2 y2

*

RESS

y2 Figure 4-10
RESS

y2, pre

cpre y2, sat

(4-2) y2

cpre

(4-2)  

Figure 4-9

 

Figure 4-11
Figure 4-11  

*
2

preln
y

c
 (4-3) 
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Figure 4-8  
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Table 4-7  
 

 Si 
 HF 
 30 s 
dspray 3 cm 

c2 2.1×10−5 5.6×10−5 
Tsub 
Tsurf 

313 K 
310 K 

P 15.0 MPa 
T 318.2 K 
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 Figure 4-9  
 cpre = (a) 2.1 10−5, (b) 3.3 10−5, (c) 4.9 10−5, 
 (d) 5.6 10−5  
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Figure 4-10 RESS  
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Figure 4-11  
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  (1)
  (2)
 (3)

 
(1)

(2)
(3)

(2) 4.6.5.
(3) 4.6.7.  

4.6.5.  

 
3

2  

E < 20 kJ mol−1

E > 40 kJ mol−1

107)  
2

 

k T
 

k k0 E (4-4)
 

T
ΔEkk
R

exp0  (4-4) 



111 

ln k −1/T − E/R
T

Tsurf k  

G
(4-2) G

(4-1)  
(4-6)

r 1 2 108)

1  
dspray =3 5 cm

Figure 4-12

dspray = 3 cm dspray = 5 cm

 

(2-11)

 

 

T
ΔEkk
R

lnln 0  (4-5) 

rkG  (4-6) 
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Figure 4-12  

3 3.1 3.2 3.3-22

-21

-20

-19

-18

-17

1/Tsurf 103 (K-1)

ln
 k

 (m
 s-1

)

Exp.  Least square.
                   dspray = 3.0 cm
                   dspray = 5.0 cm

E = 38.4 kJ mol -1

Dendritic growth: Diffusion controlling

E = 107.7 kJ mol -1

Island-like growth: 
  Surface integration controlling
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Figure 4-12

Fick

 

Table 4-8

Figure 4-13
4.6.2.

Figure 4-14

Figure 4-13
 

Figure 4-15(a) (b)

Figure 4-15(a)

2

Figure 4-15(b)

 
 

4.6.6.  
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Table 4-8  
 

 Si 
 HF 
 30 s 
dspray 3 cm 

cpre 0.9 6.2×10−5 
Tsub 
Tsurf 

303 343 K 
310 316 K 

P 15.0 MPa 
T 318.2 K 
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Figure 4-13  
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Figure 4-14  
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 Figure 4-15  
  

Lower Tsurf 

Higher Tsurf 
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Figure 4-11

Figure 4-16

 
Table 4-9 Figure 4-17

 

  (1)
  (2)
  (3)
  (4)

 

4.6.7.  

Figure 4-18
3.40×10−5

 
2.2.
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Figure 4-16  
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Table 4-9  
 

 Si 
 HF 
 30 s 
dspray 3 cm 

cpre 1.5×10−5 7.1×10−5 
Tsub 
Tsurf 

313 K 
310 K 

P 15.0, 20.0 MPa 
T 318.2, 328.2 K 

 



121 

 
Figure 4-17  

2 4 6 8

10

20

30

0
Solution concentration cpre 105 [-]

Li
ne

r g
ro

w
th

 ra
te

 G
 

10
8  [m

 s-1
]

          T [K]       p [MPa]   Morphology
 318.2 K   15.0 MPa    Dendritic
 318.2 K   15.0 MPa    Island-like
 328.2 K   15.0 MPa    Dendritic
 328.2 K   15.0 MPa    Island-like
 328.2 K   20.0 MPa    Dendritic
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Figure 4-18  
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Threshold conc.
(3.40 10-5)
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2.2.3.

 

Figure 4-18
 

4.6.8.  

Table 4-10
Figure 4-19

 
Out-of-Plane In-Plane 

XRD Table 
4-11  

Out-of-Plane In-Plane XRD Figures 4-20 4-21
XRD XRD

2
Out-of-Plane XRD

(001) 9.67° (002) (003) (004)  
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Table 4-10  
 

   

 Si Si 
 HF HF 
 60 s 300 s 
dspray 2 cm 4 cm 

cpre 6.0×10−5 6.0×10−5 
Tsub 308 K 313 K 

P 15.0 MPa 15.0 MPa 
T 318.2 K 318.2 K 
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 Figure 4-19 (a) (b)  
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Table 4-11  
 

   

 Si Si 
 HF HF 
 120 s 120 s 
dspray 3 cm 3 cm 

cpre 6.0×10−5 6.0×10−5 
Tsub 
Tsurf 

313 K 
310 K 

318 K 
312 K 

P 15.0 MPa 15.0 MPa 
T 318.2 K 318.2 K 
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 Figure 4-20 Out-of-Plane XRD (a)  
 (b)  

0

2000

4000

6000

8000

10000

(a)
(001)

(002)

(003) (004)

Si (002)

10 20 30 40 50 60

2000

4000

6000

8000

10000

0
2 [deg]

(b)

In
te

ns
ity

 [c
ps

]



128 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 4-21 In-Plane XRD (a)  
 (b)  
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In-Plane XRD
XRD (111) (002) (201)

 

  4.7.

RESS  

 
4.6.8.

 

Figure 4-22
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Figure 4-22  
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 4  4.8.
RESS

Volmer-Weber

 
XRD
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  5 

  5.1.
4 RESS

4

109)

TIPS 2
XRD

 

  5.2.

5.2.1.  

4.2.1.  

5.2.2.  

TIPS
Tables 5-1 5-2

4.2.2.
 

 Tetracene  (1)
Sigma-Aldrich 99.99%  

 TIPS 6,13-Bis(triisopropylsilylethynyl)pentacene  (2)
Sigma-Aldrich 99 % TIPS  

5.2.3.  

  (1)
4.2.3.  
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Table 5-1  
 

 

 

 C18H12 

 228.29 

 431.15-432.15 K 

 710.75 K 
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Table 5-2 TIPS  
 

 

 

 C44H54Si2 

 639.09 

 549 K 

 - 
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  (2)
4.2.3.  

 Si/SiO2  (3)
Optostar Table 5-3

 

  5.3.
4.3. Figure 3-3

20 cm  

  5.4.
4.4.  

  5.5.

5.5.1.  

4.5.1.  

5.5.2.  

4.5.2.  
 

5.5.3.  

SPM Nanopics 2100 0.3 nm 12 1800 s/
 

SPM

 

5.5.4.  

B1500A 4  
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Table 5-3 SiO2/Si  
 

 N 
 1-20  cm 
 (100) 

 CZ 
 MP 

 SiO2  
 200 nm 
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RESS Si/SiO2

Zn 20 m
MPS-18

3 Au
Au Si

2 (2-23)  

VD  −20 V VG 0 V
−20 V Id

ID
1/2-VG

2
1

2L
CW i

L W 50 m 2000 m
SiO2 1 3.9 0 8.854187817 10-12 F/m 200 

nm d SiO2 Ci  
Ci = 1 0 / d = (3.9) (8.854187817 10-12)/200 10-9 = 1.72657 10-4 F/m2 

 

  5.6.

5.6.1.  

1 mm 10 60 s
Table 5-4 4

 
SEM

Figure 5-1 2

Volmer-Weber 110-115)

Neutral Cluster Beam Deposition NCBD 116-118)

 

)(
2 thG

2
1

i2
1

satD, VV
L
CW

I  (5-1) 
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Table 5-4  
 

 SiO2/Si 
 HMDS 
 10, 20, 30, 40, 60 s 
dspray 1 mm 

cpre 4.5×10−7 
Tsub 313 K 

P 15.0 MPa 
T 318.2 K 
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 Figure 5-1  
 (a-e) SEM (f-j)  (a), (f) 10 s, (b), (g) 20 s, (c), (h) 30 s, 

(d) ,(i) 40 s, (e), (j) 60 s  
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Figures 5-1(a)-(e)

Figures 5-1(a)-(e)

Figure 4-19  
Figures 5-1(f)-(j) SEM

30 s
40 60 s

Volmer-Weber

Figures 5-1(f)-(j) SEM

40 60 s
 

Figures 5-1(f)-(j)

Figure 5-1(i) (j)

 
SPM

Figure 5-2
RESS

Figure 5-2 40 s
50 s

 
60 s XRD

Table 5-4
Out-of-Plane XRD In-Plane XRD Figures 5-3
5-4 Figure 5-3 XRD (001) (002) 
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Figure 5-2 RESS  
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Figure 5-3 Out-of-Plane XRD  
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Figure 5-4 In-Plane XRD  
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XRD d = 1.22 nm
NCBD SiO2
110, 113, 116-121)  

Figure 5-4 In-Plane XRD (110) (013) (11 3)

 

Figure 5-5
Figure 5-6

XRD  

Figures 5-7 5-8
P

p
 

 = 3.3×10−4 cm2/V s VT = −1.4 V
Moriguchi 113)

Gundlach 110) Cicoira 112)

Abthagir 116) Jang 118) NCBD 2
Figure 

5-1  

5.6.2. TIPS  

 TIPS Table 5-5  
TIPS SEM Figures 5-9 5-10

TIPS

Figures 5-9 5-10 1 2 m
5.6.1.

Figure 5-1

TIPS
TIPS  
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Figure 5-5 Au  
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Figure 5-6  

SiO2 

Tetracene thin film 

Heavily doped n-type Si 

40 nm 

S D 

200 nm 

200 nm 

S2 mm 

50 m 530 m 
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Figure 5-7 ID VD  
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Figure 5-8 ID VG  
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Table 5-5 TIPS  
 

 SiO2/Si 
 HMDS 
 300 s 
dspray 0.5 mm 

cpre - 
Tsub - 

P 15.0 MPa 
T 318.2 K 
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Figure 5-9 TIPS  
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Figure 5-10 TIPS SEM  
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5.6.1.

RESS

 

 5  5.7.
RESS TIPS

XRD
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  6 

RESS
 

 RESS(1)
in situ

 

 RESS(2)

Volmer-Weber

RESS
RESS  

 RESS(3)
SEM XRD

RESS

RESS
 

RESS
RESS
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Nomenclature 
A :  [-] 
c :  [-] 
ci :  [-] 
Ci :  [F/m2] 
cs :  [-] 
d :  [m] 
dspray :  [m] 
E :  [V/m] 

E :  [J/mol] 
G :  [J/mol] 
G :  [m/s] 
I :  [A] 
I :  [A] 
k :  [m/s] 
kd :  [m/s] 
kr :  [m/s] 
k0 :  [m/s] 
L :  [m] 
Lave  :  [m] 
Lnozzle :  [m] 
mc :  [kg] 
N :  [m/s] 
n :  [#/m2] 
p :  [Pa] 
R :  [J/K mol] 
rc :  [m] 
S :  [m2] 
Sf :  [-] 
T :  [K] 
Tsurf :  [K] 
Tsub :  [K] 
v :  [m3] 
V :  [V] 
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vc :  [m/s] 
W :  [m] 
w :  [m] 
wmol :  [mol/s] 
y :  [-] 
 
Greek letter 

top [m] 
0 [F/m] 
1 [F/m] 

[-] 
A [J/mol] 
AB [J/mol] 
B [J/mol] 
sf [J/mol m2] 
 :  [J/mol] 
 :  [cm2/V s] 
b :  [cm2/V s] 
c :  [J/mol] 
g :  [cm2/V s] 
s :  [J/mol] 

[s] 
[rad] 
[-] 

c [S/m] 
r [-] 
c [s] 

 
Superscript 
r :  
*  :  
 
Subscript 
c   
D   
G   
het   
hom   
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mt   
sat :  
si   
th   
unit   
2    
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