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Abstract

    It is shown that the formations of the macropores and the needle crystals are possible by the anodic reaction of p-type silicon in 

the aqueous HF solution. The formation mechanism of the macropores is explained with the electrochemical reaction model. The

formation of the needle crystals is attributed to the disappearance of the walls in the macropores, which leaves the beams at the

corner of the macropores. Then the beams become the needle crystals. It is also described that the pitch of the macropores is 

determined by the resistivity of silicon. The microelectrodes were fabricated from the macroporous silicon formed by the anodic

reaction, and the field emission from them was confirmed at the applied electric field of greater than 8 V/ m.

HF Si

n Si

Si 1990 Lehmann

n Si Si

p Si

1994 Propst

HF p Si F

Si OH F

陽極化成法による�型シリコンへのマクロポア
および針状結晶の形成

�����������������������������������
38����53�65 (2004)



1998 Wehrspohn 100 cm p Si

Si

1999 Lehmann 5

cm p Si n Si p Si

Wehrspohn Lehmann

Si

1992 5 p Si

m 150 m

LIGA Lithographie Galvanoformung Abformung

p Si

A B

Si 8.5 mm

B Teflon Plug O

A Anode A Cathode

A Reference electrode A Reference electrode

4 Si 3 45

Si Si Si

Si

100 mm 20 mm

HZ

3000

PC

48wt%HF de-ionized water

(DI) isopropyl alcohol (IPA)=70 70 420

(cm3) 25 28

原田曠嗣�御手洗夕子�石丸寛之�松本 晋�森 圭子54



BP211D 10 g

BX60

JSM-5200 SEM

JX-250 PC Image-Pro  Plus Version 4.0 for 

WindowsTM

Sloan DEKTAK3030

p (100) 17 23 cm 20 cm Si 400 m

Ti Ni Au

72 h Si 4.2 X

0.9

72 h

Si 33 33 mm2

72 h Group A

Group B Group A

Group A Group B

30 min SEM

Group A SEM Group B Group

Group A Group B SEM Group A

30 min Group A Group B SEM

C 0 60 b e C b’ d’ 5 m a

a’ 0.1 m Group A Group B

陽極化成法による�型シリコンへのマクロポアおよび針状結晶の形成 55



A Group B Group A

4 %

Group A 3 mA/cm2 0.1 0.2 m

10 40 mA/cm2 100 011

Si 111

HF

3 10 mA/cm2

40 mA/cm2

63 mA/cm2

Group 3 mA/cm2 ’ ’ 3 mA/cm2

’ ’

Group A Group 3 mA/cm2 600 nm

Canham

3 mA/cm2

28 mA/cm2 30 min 12.5 m

8.5 mm A A’

Si ’ O

SEM 2.5 m

Si

d d d

d SEM

d d d

28 mA/cm2 d d

d  d

28 mA/cm2 30 min p

Si

60
p Si d

d

原田曠嗣�御手洗夕子�石丸寛之�松本 晋�森 圭子56



d 12 min 111

dc Propst

15 min 1.9 m 30 min 2.5 m

3.3 m

d d d 0.73 0.26 1.0 m/min

n n 1

Si

n=cJAt/m c MSi /e NA

J A t m Si , e MSi

Si NA m n

28 mA/cm2 n

15 min

n

28 mA/cm2 5 min

12 min

60

d d

28 mA/cm2

28 mA/cm2

p Si

A Zhang

B

A Si+2F-+ nh SiF2+(2-n)e (n 2)

SiF2+2HF SiF4+H2

SiF4+2HF H2SiF6

陽極化成法による�型シリコンへのマクロポアおよび針状結晶の形成 57



B) Si+4OH-+nh Si(OH)4+(4-n)e (n 4)

Si(OH)4 SiO2+2H2O

 SiO2+6HF H2SiF6+2H2O

e h A F- Si

n n F OH

A B B 14

n A B

A B Si

n

B

A n A B

A n= B n=

15 min n 111

A B

n

d1 d2

d d1/ dt=d(m1/ A1)/dt=(1/ )[d(cJ1t/n1)/dt]=(c/ )d(J1t/ n1)/dt

J1/ n1

d d1/ dt =(c/ )(J1/ n1)

d d2/dt =(c/ )( J2 / n2)

d1 d2 n

d1 d2

(d d1/ dt)/ (d d2/dt) = (J1/ J2)( n2/ n1)=0.26

A B n

n1=4 n2=2

J1/ J2=0.52

2 1

B

n

n=cJAt/m=cJAt/(m1+m2)= cJAt /[(cJ1A1t)/n1+(cJ2A2t)/n2]

     =JA/[(J1 /n1) A1+(J2 /n2) A2]

A= A1+ A2=

n=[J/(J2 /n2)]/{1-(A1/ A) [1-(J1 /n1)/( J2 /n2)]}

Si B A

15

min n A1/ A

15 min J1 /n1 J2 /n2

A1/ A

A1/ A=(dp
2-dd

2)/ dp
2

dp dd dp =3.3 m t=15 min dd =1.9 m t=30 min 

dd =2.5 m

n(t=15 min)=4.1 n(t=30 min)=3.1 

40 % 20 % n 15 min

n

原田曠嗣�御手洗夕子�石丸寛之�松本 晋�森 圭子58



 Group A Group B

Group A 4%

28 mA/cm2 421 Si

1.6 0.4 %

X

4.2

T

T=4E(U-E)/ 4E(U-E)+U2sinh2 D

= 2m0 U-E 1/2/

E U-E D m0

Ti  E =14 eV U-E= 4.33 eV T D D

T

D 25 Group A Group B  D

T

Group A T D=3.15 / T D=5.25 87

Group B T D=0.675 / T D=1.13 0.48

Group A D T

Wehrspohn Si Si

T

40 mA/cm2

 63 mA/cm2

SEM

50 200 m 63 mA/cm2

A (100)

 [100]  {001} 

{011}

[011]  (100) 

42 8

陽極化成法による�型シリコンへのマクロポアおよび針状結晶の形成 59



h w 30 min h w

w  2.1 m h

 63 mA/cm2  25 m

63 mA/cm2 30 min

SEM

60 0

10 m

A

SEM

Si (100)

60 0

h w

63 mA/cm2 30 min

O

h w

30 min 

42 mA/cm2 60 min

SEM

h w

42 mA/cm2

原田曠嗣�御手洗夕子�石丸寛之�松本 晋�森 圭子60



42 mA/cm2 h w w

 2.1 m h 50 min 

30 min 

40 mA/cm2

C {011}

(100)

{001} {011}

30 min 

Si

3.2 4.4 m 8.5 12.3 m

2.7

Si

Si

10 cm

陽極化成法による�型シリコンへのマクロポアおよび針状結晶の形成 61



Si

42 mA/cm2 30 min 2.0 mPa

s IPA 3.1 mPa s 2-butanol

560 nm

p Si

Wehrspohn

2.2 eV Si

Si 1.1 eV

15 min

254 365 nm 2

330 nm

10 cm p Si

SEM

60

10 cm p Si 254 nm 3.8

W/cm2

SEM

60

原田曠嗣�御手洗夕子�石丸寛之�松本 晋�森 圭子62



15 min

365 nm 254 nm

254 nm 15 min 15

min SEM

3.8 W/cm2

Si

10 cm 2.3 m 17 23 cm

IPA 3.8 m

0.5

0.6

5.1 m 17 23

cm 2.2 17 23 cm

10 cm

Si

Si

Si

Ottow

Si p Si n Si

Si

17 23 cm Si 14 mA/cm2 40 min

Ti/Ni/Au 1mol KOH IPA 4.8 1 (vol.) 50 15 min Si

Si

SEM

60 5

0.5 m

Si

100 m

1 10-8 Torr Tip array

陽極化成法による�型シリコンへのマクロポアおよび針状結晶の形成 63



Si Al 4,000

SEM

22 30

{111}

{111} 3.6 m 30 % 

7.7 106 /cm2 Si Tip array

1 10-8 Torr Si Tip array ITO

indium tin oxide ZnO:Zn Si ITO

100 m

Tip array 8.5 mm Tip array

6 6 mm2

800 V I V Fowler-Nordheim

2 kV

Tip array

Fowler-Nordheim

Si 1

100 V/ m 1 A

Si

8 V/ m

1 10-6 A 6

Si ITO

I V

2

kV

原田曠嗣�御手洗夕子�石丸寛之�松本 晋�森 圭子64



p Si n Si

 Si

SEM

Si

1) V.Lehmann and H.F ll J.Electrochem.Soc. 137, 653 (1990). 

2) E.K.Propst and P.A.Kohl J.Electrochem.Soc. 141, 1006 (1994). 

3) R.B.Wehrspohn, J.-N.Chazalviel and F.Ozanam J.Electrochem.Soc.145, 2958 (1998). 

4) V. Lehmann and S.R J.Electrochem.Soc.146, 2968 (1999). 

5)  J75-C-II, 65 (1992). 

6)  S.Ottow, V.Lehmann and H.F ll J.Electrochem.Soc. 143, 385 (1996). 

7) H. Harada, T. Shirahashi, M. Nakamura, T. Ohwada, Y. Sasaki, S. Okuda and A. Hosono  Jpn. J. Appl. Phys. 40, 4862 (2001). 

8) H. Harada, M. Nakamura, T. Ohwada, S. Okuda, A. Hosono and M. Mashimo Jpn. J. Appl. Phys. 42, 3379 (2003). 

9) H. Harada, Y.Mitarai, A.Nishida, M.Miyakoda and J.Mishima Jpn. J. Appl. Phys. 43, 2467 (2004). 

10) H.Harada, T.Shirahashi, M.Nakamura, T.Ohwada, A.Hosono, S.Okuda and K.Yoshino 10, 79 (2001). 

11) 48 p.813 (2001). 

12) L. T. Canham  Appl. Phys. Lett. 57, 1046 (1990). 

13) X. G. Zhang, S. D. Collins and R. L. Smith J. Electrochem. Soc. 136, 1561 (1989). 

14) 63 p.694 (2002). 

15) 71, 1277 (2002). 

16) 69, 558 (2000). 

17) A.Hosono, S.Yura, K.Morikawa, S.Kawabuchi, T.Okumura, S.Horibata, S.Okuda, H.Harada and M.Takai Proc. 3rd Int. Dysplay Workshops, 2,

p.531 (Kobe, Japan, 1996). 

陽極化成法による�型シリコンへのマクロポアおよび針状結晶の形成 65




