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RTCVD(rapid thermal chemical vapor deposition) ����� Ni ��� 	
�� 
�����(carbon nanotube, CNT)
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!"� ,-�./0 ���� 1 2�� 3*�4�. 1 56 Ni/Al 2O3 789: ;<� � => ?
�� @ABC(C2H2)

DE�+% F�(H2) )*�+� GG 10 sccm6 100 sccm� HI�J� 600oC, 1 torr�� 303 KL ���M N 
�

����/ /� O ��'� P F QR�. ��S 
�����T UVW 
�����(single-wall carbon nanotube, SWNT)

4�. �� X ��� Y� �+� 3*Z 56 ��#$�� C2H2/ �[�� 3\]^ 
������ ��� _��T

`	 @ab C2H2 �+ 3c/ Ni �� dJ� efS g 
� Dc> 3\]^ 
����� ����� _��T `h

� P F QR�.

Abstract − Carbon nanotubes were grown using nickel catalyst in a rapid thermal chemical vapor deposition(RTCVD) reac-

tor. The optimum growth condition of carbon nanotubes was examined as functions of catalyst type, growth temperature and

time, catalyst content, and dilution gas. It was observed that large amount of carbon nanotubes was grown on a Ni/Al2O3 disc-

type pellet at 600oC and 1 torr for 30 min with 10 sccm C2H2 and 100 sccm H2, respectively. The grown nanotubes were iden-

tified to be a single-wall carbon nanotube. The gas analysis during the growth showed that C2H2 was not decomposed in gas

phase at the growth temperature. The C2H2 molecules were directly adsorbed on the surface of nickel catalyst and decomposed

into carbon atoms which participated in the growth of carbon nanotubes.
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������� �	
��
(Nippon Electronic Corporation; NEC)

������ Sumio Iijima �
� �� �� �����[1]. ����

���� ��� ��� � 3!� �" ��� # $%�& ��� 

' ()* +, -./ 012� 34&5�. ����� 60 7 �

�� -./ '8� 9� : ��� ;<= �> ?@ ��AB(nm)

0�0�.

������� : �C� DE �.F 
� G �HI JK/ �0

� LM�[2, 3] 
H NO PQRS0(field emission display)[4], 2T


8# �U
8(secondary battery and fuel cell)[5], VAW 
 QX

Y � # ZAW [Q\[6], �]^_(gas storage)[7], STM̀AFM probe

� tip,�Oa 
�bc d
�(high power electrochemical capacitors)

e� �.F fg� hi0 'jF klm n[�� 9�. oF ��

����p qh r*(reacting template)lm 
i�s �" tU� �

���� ��uv(nanorod)p K_�� <w[8, 9] ��xc(nanoen-

gineering)fg� Ay _z{|� }~ �s� klm �v�& ���

��0 �C�� 9�.

������� 
0�6 ��p 0i�s K_���, Z��� rm


�N
�(arc discharge)/ 
i��l� �t� s� '8 K_N�

0 ���~ ���� 9�. ������� v�I� %KN�lm�


�N
[10, 11], S0^��(laser ablation)[12, 13], �b?�� �f��

�F bc�����(chemical vapor deposition)[14, 15], RE��bc

�����(plasma enhanced chemical vapor deposition)[16, 17]e0 


i�� 9�.

����� K_� f� :�� hi� �F ��� ?��� ���

��� v��{� �np >F ���� [Up  � ��0 ¡ Mn

m n��& ¢�. J£, ���{/ X� ¤?I� ��lm ����

� K_¥¦§¨/ ©£� ��# ����# ��uv� K_, ª0,

;<, :�� $�K� vF n&� ��tU(nano-materials)p �|b
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)

�s «��� 0i��� '_ ¬­F �®m v¯�� 9�[10].

DE� 	 ����� �� �{ N�lm I%F x�lm °±5

bc����� ¬� ��� RTCVD�/ 0i�s Ni ����� �

�����p K_�� ��p ?²���. RTCVD� �" bc���

��� ³�s ��I� ´�Cµ0 'j�¶, ·�¸� ¹º/ »�

? 9& �¼X $�K_� 0i�� 9�. ������� �I K_

C½/ $��� X�s �¾� ¿À, K_´�# [�, ��� Á�

G Â��]p Ãb[Ä'¶ K_�s : K_ JK/ f����. K

_ ¬ qh�Å� �]Kf/ Æ�f��m f��s �������

K_��p �����.

2. ���� 	 
�

������� K_/ X� �.F �� �¾/ 
i���. 
iF

�¾= �¾ ÇÈ# ÁÉ Table 1� �ÊÅ��. Ni/Si# Ni/TiN/Si=

1Ë1 }�� Si(100) �2� Ni� Ni/TiN/ RF-magnetron sputtering

�s nÌ��� Ni foam mesh� Í= }�m µÎ�s 
i���.

oF Ni/Al 2O3 PQ}* ÏÐ(disk-type pellet)= §Ñ(nickel; 1-3µm)

� °1A�(alumina, α-Al2O3; 0.3µm)� Ò%³p 50 : 50lm Ò%

�s Ó Ô= Õ� 0.5 g� Ö~p ×��s Ø��(2 ton/cm2)p 0i

� nCF klm ;<= 1 cm0�. 0Ù~ nÌÚ PQ}* ÏÐ�

Û�p r� X� 
�m�� 5 oC/min� Ü´6�m 1,000oCÝ8 �

Ü�s 10[� Þß ��F �� �´lm ´�p àá� ��/ âã

nÌ���. nÌÚ �¾= äWålm 5f Þß Z�æ Wç/ ?²F

Õ qh�� _�F�. ������ K__z� 2f Å� K_ ´�Ý

8 èé ? 9� RTCVD qh�p 
i��l¶, : !ê�� Fig. 1

� �ÊÅ�� RTCVD qh�� vF �WF �ë= Mì[18]� ��

�& 9�. K_ x�� Fig. 2� �W£ �ÊÅ��. qh� Å��

Øa0 10−3 Torrm 5x�í' î8�2, 100 sccm(standard cubic cen-

timeter per min)� ?�p xïF�. qh� Å�' ðf£ ?�fX

�' �2 �¾� �2��p X� 900oCm ´�p �Ü�s 2f Þ

ß �Y(etching)F�. �Yx�/ �z2 ´�p �´lm àá�, q

h�� 10 sccm� äWñò(acetylene, C2H2)� 100 sccm� ?�p x

ïF�. ó 5f Þß ðf£ xïF Õ, qh� Å�' K_x�� ¤

­F �]m 
� ôõ82 �¾/ K_´�m Cµ�� ������

p K_[ö�. K_C½0 ������ K_� Az� ÷ø/ �ù�

� X� �¾� *í, K_´�, [�, ��� Á�, Â��]p K_Ã

?m �s ������p K_[ö�. qh�]� C2H2� 10 sccml

m î�/ ��£ î8�� 100 sccm� H2m Â����. qhØa=

1 torr�l¶ K_´�� 500-800oCm Ãb[ö�, K_[�= 10-60

min� úX�� «û���.

K_F ����� �CI JK/ C
�� X�s X-ü �µ�(X-ray

diffraction, XRD)# E3 fý�(Raman spectroscopy)/ 0i���.

K_F [U� �2 *�/ �ù�� X�s r

 �A<(scanning

electron microscopy, SEM)/ 
i���, qh¬ �K�� �]Kf/

f��� X� 
¬V Æ�f��(quadrupole mass spectroscopy, QMS

p 0i���.

3. �
 	 ��

3-1. ����� ��

Fig. 3= Table 1� �Êþ s� K_�¾ X� 600oC, C2H2/H2=10/

100sccm�� 30f Þß K_F ����� SEM/ �0� 9�. Fig.3(a)

�� �Êÿ k�� Ni� Al2O3p 50 : 50� Ò%�s nCF PQ}*

ÏÐ �¾ 1/ 
i�s K_[� <w� ��(bundle) *í� ���

���' ��lm K_���. 0� q�s �¾ 2p 
i�s K_F

<w�� Fig. 3(b)�� �0� 9� k�� K_Ú [U� �2/ �

ù� �2 ���&�# ÁÉ ��� ������' K_Á/ ���

? 9��. :�� Fig. 3(c)# (d)�� �Êÿ k�� �¾ 3� �¾

Table 1. The preparation condition of substrates for the growth of carbon nanotubes

Substrate no. Substrate type Preparation condition

1 Ni/Al2O3 disc Heat treatment of Ni/Al2O3 mixed disc-type pellet(1 cm diameter) at 1,000oC for 10 hr in electrical furnace
2 Ni foam mesh 1� 1 cm2 Ni mesh with line width of 5µm
3 Ni/Si(100) Ni(50 nm) sputter condition(350oC, 3.7 mtorr, 30 min, 1�1 cm2 Si(100))
4 Ni-TiN/Si(100) Ni(50 nm) and TiN(50 nm) sputter conditions (350oC, 4 mtorr, 40 W, 30 min, 1�1 cm2 Si(100))

Fig. 1. Schematic diagram of RTCVD reactor for carbon nanotube
growth.
1. Quartz chamber 9. Leak valve
2. Tungsten halogen lamp 10. Throttle valve
3. Reflector 11. Mass flow controllers
4. Vacuum gauge 12. Source gas
5. Rotary pump 13. Thermocouple
6. Gate valve 14. Quartz tube
7. Mass spectrometer 15. Filter
8. Temp. controller 16. Substrate

Fig. 2. Growth sequences for carbon nanotube.
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4p 
iF <w�� 	 «ûC½��� ����� K_0 �ù�8

���. 0�� 	 «û��� Si(100)X� Ni0� Ni-TiN/ ��F

�¾ X��� ������� K_/ �ù� ? 	�l¶, f
��

Ni0� ü�� Nim 01&5 �¾ 1� 2��3 ������� K_

/ �ù� ? 9��. 0� Ni� �2I0 ������� K_� ¬

­F ÷ø/ A�/ Ó �ÊÅ� 9�. Si(100)�2� ��Ú Ni0�

Ni-TiN �u� ³� Ni f
0 ÁîÚ �¾ 10� Ni ülm �KÚ

�¾ 2' �
 �= �2I/ �� LM� ������' �K��

klm �)Ú�. o �" �ë= 	 «ûC½��� �¾ 3� 4��

� �¾ 10� �¾ 2' �� �K�/ *K��' i0�� LMlm

�)Ú�. Si(100)X� Ni/ ��F �¾/ 
i�s �������

K_� KxF ����� D�2 Ni �2/ NH3 �]m � G RE

��(plasma) �lm ���2 ��� ������' K_Ú�� ��

�� 9�[19, 20]. 0� Ni/ NH3m �Y[Ä Ni �2� �� �K

�/ �K�s r&g ������' �K�/ �sr� 9�. DE�

øÕ «û��� �¾ 1/ 0i�s ������p K_[ö�.

3-2. ���	� ��

K_´�' ������ K_� Az� ÷ø/ �ù���. Fig. 4�

� K_´�p 500-800oCm Ãb[Ä K_F ������� SEM


5/ �ÊÅ��. : $� 500oC� ^´��� ������' K_

Á/ ��� ? 9��. 600-800oC� ´���� ������' K

_Á/ �ù� ? 9�l� 600oC� K_´��� '_ �= ���

���' K_Á/ � ? 9��. 0� K_´�� DE �U�]�

�f�m�B �K�� qhKf0 �E8â� ���2� ��Ú qh

Kf� �2qh0 �E� ������ K_� ÷ø/ Az� LMl

m �)Ú�.

3-3. ��
�� ��

K_[�0 ����K_� Az� ÷ø/ �ù���. Fig. 5� C2H2/

H2� î�= 10/100 sccm/ xï�� 500-700oC� ´�m 60f Þß

K_F [Up �Êþ k0�. 30f Þß K_F ����� SEM 


5� Fig. 4# ³�� � L, ) ´��� ��� ����' K_��

� �I K_´� C½� 600oC�� K_F [U� �[ 30f Þß

K_F [U�� I= .� ����' K_Á/ �ù� ? 9��.

Fig. 4# ³�� K_[�0 ª&�� DE ������� K_�� �

� °�0(carbon grains)' � �0 �ù���.

3-4. Ni �
� ��

�¾ 1�� Ni Á�0 ������ K_� Az� ÷ø/ �ù��

X�s Ni� Áî�/ 5, 10, 20, 30, 40, 50, 100%m Ãb[�2� ��

����p K_[ö�. ) ��� Á��� K_Ú �������

SEM 
5/ v�Ilm 30, 40, 100%� <w3 Fig. 6� �ÊÅ��.

Fig. 6�� �0� 9� k�� Ni0 30% 0� Áî� L�B ���

���' K_Á/ �ù� ? 9�l¶ : 0���� K_�8 ��

�. 0m�B Ni� Á�0 ������� K_� ¬­F ÷ø/ A�

/ ° ? 9��, 0� Ni0 ������� K_� ��m ÌiÁ/

�ÊÅ� $�0�. :�� 100% Ni3lm 01&5 �¾���[Fig.

6(c)] ������� K_0 �ù�8 ���. 0� ������' Ni

��   � �KbÚ  �(activated site)���B K_0 [Ì�2�

: *í' 100% Ni ÏÐ� !t�� Ni   � ",Ú �C LM�

# -.� ��*ím K_�8 $�� ��  ' %�QB(cluster)

Fig. 3. SEM images for the morphology of carbon nanotubes grown on (a) Ni/Al2O3 pellet, (b) Ni foam mesh, (c) Ni/Si(100), and (d) Ni/TiN/Si(100) at
600oC for 30 min with C2H2/H2=10/100 sccm.
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*ím $%�2� �20 ¯&' ��(lm )£~ �& �����

K_0 *n�&8� klm �)Ú�. 0� 	 ����� 8�Ý8

�ùF SEM 
5/ >�s '_ �= ����' K_Ú 50%� Ni

0 ÁîÚ �¾/ 
i�s JK ��p ?²���.

Fig. 4. SEM images for the morphology of carbon nanotubes grown for 30 min at various temperatures with C2H2/H2=10/100 sccm.
(a) 500oC, (b) 600oC, (c) 700oC, and (d) 800oC.

Fig. 5. SEM images for the morphology of carbon nanotubes grown for 60 min at various temperatures with C2H2/H2=10/100 sccm.
(a) 500oC, (b) 600oC, and (c) 700oC.

Fig. 6. SEM images for the morphology of carbon nanotubes grown at 600oC for 30 min as a function of Ni content in substrate with C2H2/H2=10/100 sccm.
(a) Ni/Al2O3=30/70, (b) Ni/Al2O3=40/60, and (c) pure Ni pellet.
���� �38� �5� 2000� 10�
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3-5. ����� ��

Â��]' ������ K_� Az� ÷ø/ �ù���. Fig. 7�

� �¾ 1/ 
i�� Â��]p ���s 600oC�� 30f Þß K

_F [U� SEM/ �ùF k0�. Â��]m� )) ?�# Æ�p


i��� IiÚ î�= äWñò 10 sccm, ?�# Æ�� )) 100

sccm/ xï�s ¯ Â��]# äWñò �]� Ò%³p Í~ ��

�. ))� Â��]p 0i�s ������p K_F $� Â��]

� ¿À� Ãb� DE K_Ú ��' â� Í�l¶, Raman f��

�� �ùÚ +}� Xzp �m ³�F $� Fig. 8� �� k� Í

= Raman Q,-�/ �s Þ�F JK/ �� ������' K_

Á/ ��� ? 9��. 0� Â��]' ������� K_� 9&

� ¬­F K_Ã?m Ìi�� 98 ��/ �ÊÅ� 9�.

3-6. ��� ������� �� ��

Fig. 8= 600oC# C2H2/H2=10/100 sccm�� �¾ 1� 30f� K_

F ������p 300 K�� Raman fý�lm f�F $�0�. ý

�= 1,064 nm�� ÌÞ�� neodymium-doped yttrium aluminium garnet

(Nd : YAG) laserp 
i��� 2 cm−1� �"�p �� 100-2,000 cm−1

� úX�� ×����. 146 cm−1�� �ù�� +}� radial breathing

mode(RBM)m Î�. ������� ;</ �ÊÅ� +}0�[21].

RBM +}� Î�. ������� ;<� DE 130-200 cm−1 
0

�� �Ê�¶, 	 «û�� ×�Ú RBM +}� Xz� ó 1.53 nm

;<� Î�. ������' K_���/ �sr� 9�. 1,756 cm−1

�� �ùÚ +}� RBM +}# tangential mode(G-peak, 1,593 cm−1)

� C%� �� �Ê�� second order E3 +}m Î�. ����

��� K_/ �ÊÅ� 
*I� +}0�[22]. 1,593 cm−1� G-peak

� 1,292 cm−1�� �Êÿ +}# ÁÉ /�b�(graphitization degree)

p �ÊÅ� +}¶,04 +}� [U� DE ��� Xz� 0Þ0 �

ª ? 9�[23]. oF G-peak(1,593 cm−1)� 0�f� �Ê�� shoulder

+}4(1,549 cm−1, 1,562 cm−1) �[ Î�. ������ K_/ �Ê

Å� JK +}0�[24]. 1,825 cm−1� ä; ë�£ 1ë�8� �� +

}0�. F2 G-peak� 3 �f�� shoulder' Aó�~ �ù���

0� K_Ú [U� A�� �¬. ������' Ôs 9�/ �A

F�[25, 26]. DE� 	 ���� Ni/Al 2O3 �¾ X� bc�����

lm K_F ����� A�� �¬. ������p ÁîÚ Î�.

������4/ ° ? 9��. �qIlm bc������ �¬.

������' K_�� klm ���� 9l�[17, 27] ��� Î�

. ������' bc���/ 
iF <w�� K_Ú�� ����

9�[28, 29]. :�� 0 K_ ¥¦§¨= ë�£ �ë�& 98 ��.

F2 146 cm−1�� �ù�� RBM +}� 1.53 nm ;<� Î�. �

�����' K_���/ �sr� 9l�, 	 «û� SEM ×� $

�� Î�. ������� ;<0 100 nm��p �0� 9�. 0k

= �qIlm Î�. ������' bundle *ím !t�� klm

���� 9��[12], 	 «û��� SEMlm [U� ;</ �ù��

LM� ��F ;</ �f� ?' 	� ;<0 }~ �ù�� klm

�)Ú�. 	 «û�� K_F ������� ��F �C# ;</

���� X��� ��" 5�
 �A<� f�0 01&�g� kl

m 
UÚ�.

3-7. ���� ��

������� K_ ¬ qh� 6s�� qh�]p f��� X�

s ÷7 HIDEN
� QMSp 
i���. f�= ������p K_

�� �I C½(�¾ 1,600oC, C2H2/H2=10/100 sccm, 30 min)�� ?²

���. o äWñò� Í0 xï�� ?�' K_� Az� ÷ø� K

_� �s�� r �K Kf/ 1ë�� X�s ?� v8 Æ�p Â

��]m 
i�s �]f�/ ?²���.

	 ����� K_x� ¬ �K�� bcKf= ) Kf� � Æ�

ÎX� amu(atomic mass unit)� vF �KÚ Kf� fØ(partial pressure;

torr)lm ×����. f�$�p �m ³��� X�s qh ¬� Æ

�f�lm ��Ú bc¿� H(1), H2(2), C(12), CH2 or N(14), CH3(15),

CH4(16), H2O(18), C2(24), C2H(25), C2H2(26), C2H3(27), N2 or C2H4

Fig. 7. SEM images for carbon nanotubes grown at different dilution
gases on Ni/Al2O3 pellet at 600oC for 30 min with 10 sccm C2H2

and 100 sccm carrier gas.
(a) H2 and (b) N2

Fig. 8. FT-Raman spectrum for carbon nanotube grown at 600oC for
30 min on Ni/Al2O3 with C2H2/H2=10/100 sccm.
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(28), O2(32), CO2(44)� fØ/ äWñò� fØlm �qb(normaliz-

ed)�s Fig. 9� 8?Á?m �ÊÅ��.

K_� 6s�� qhKf/ f��� XF Æ� f� «û 
� �

¾� �Yx�� vF Æ�f�/ ?²F $�, Z��� xïÚ ?�

� �F H# H2' �ù��� : 9� �" ¿4= �ù�8 ���.

DE�, ����p K_�� XF qh� Å�' �" ·�¸� ��

¹º�	0 :�F fX� ��� K_0 01&8� 9�/ ° ? 9

��.

Fig. 9(a)��� �´�� ?� xï ¬� 10 sccm� äWñò/ xï

��/ L� QMSf� $�0�. Æ�ÇÈ' 2� H2� fØ0 '_

��l¶,: 9� H# C, CH, C2H, C2H2, C2H3, C2H4# Í= �b

?�H�� ¿0 �ù���. Fig. 9(b)� 600oCm ´�p �Ü[Ä «

n qh ¬� �K�� Kf/ �Êþ k0�. Fig. 9(a)# Í= �b

?�¿0 �ù��l� ) Kf� fØ +}� Û�� v]Ilm Fig.

9(a)� ;�� <�. J£ Fig. 9(b)�� C� fØ0 Fig. 9(a)�� ó�

�'Á/ �sr� 9�. 0� äWñò0 �´0� K_´��� f�

�� ��' â� Í�/ �AF�. Fig. 9(c)��� Â��]p ?�

v8 Æ�p xï��/ L �K�� Kf/ �ÊÅ� 9�. Fig. 9(a)

# 9(b)p �m ³� f�F $�, Â��]m Æ�p 
i�s� QMS

� +} Xz# }��� T0' â� �ù�8 ���. $7 Fig. 9�

� �Êÿ k�� �´� K_´�� 600oC�� �]f� $� �]

Kf�� T0' â� 	�/ �A�¶, 0� C2H2' ������ K

_qh� ;= 6sÁ/ �AF�.

3-8. ������ ����

������p �K�� ��/ � ?>lm �ë�r� K_��

� �t }~ 2'8' nß�& 9�. ? Ç@ K_¥¦§¨= ���

 (A, C, C2, C3ÎX)' K_�� ������� B� C&9� �6

��� i��& Dlm 0Þ�s ��b' �2� ����' K_F

�� E K_N�(tip growth mode)lm ��� �20 :Eæ0-m

+F�â� K_� I%F C½0 ä§2 B0 GH�� K_0 IJ

�� r_�� 9�[30, 31]. 0L ��  � ������� Blm

0Þ�2� ������� ª0p H6 �'[��� �����[32].

o �" K_¥¦§¨= ����� K&5 ��Kf0 ��# ���

��� 
0m ;= L �& ������' K_�2� ��   �

D� Mä 9l2� ��� ª0p �'[��� r_�� �� K_

N�(base growth mode)0�. 04 -¯� ������� ;<= �

��    }�� DE Ã�¶ K_C½0 I%�8 �l2 ()*�

� ¹)*lm Ã�2� ������� B0 GN�� r_�� 9�.

	 «û�� �ùF �]f� $�(Fig. 9)�� ° ? 9� k��

�´� K_´�� 600oC�� QMS f� $�� O�" T0' 	�

�. 0� C2H2' ���� qh� �� qh�KKf0 �& ����

�� K_� 6s�� k0 ä§� C2H2 f   ]' qh� 6s�

� k4/ 
�r� 9�. �] «û$�3lm� ��� ' ����

�� K_qh� ;= 6sF�� r_= Ó 0�' �8 �l�,

C2H2 �]' Ni �� �2� ��Ú Õ ��� m f��� 0Ù~

�KÚ ��� ' ������ K_qh� 6s�� klm �)Ú�.

äWñò0 �6 �2� ���� ��/ ��F $�� ��qh�

� �.�~ ���& ¢�. J£ Ni �2� ��0 �&�� <wp

­ó��2 Fahmi e= Ni �2 X� äWñò0 µ-bridging *ím

��F�� �����[33]. :�� Bradshaw e= Ni(111) X���

äWñò� �ñò� ��/ ���s äWñò= 4!� �6 � #

µ-bridging modem $%�s ���� �ñò= 2!� �6 � #

di-σ modem $%�s ��Ú�� �����[34]. oF 0PH{lm

� äWñò0 Ni(111) �2��� µ-bridging mode' *K�2� $

%�� q2, Ni(110) �2 X��� di-σ modem $%�s ��Ú�

� ���� 9�[10, 15]. 0�� �6 �2� ���� äWñò= Q

¬$%lm ��s �6 �� �2� NøK� DE �� mode' �

E8�� �� π-$%/ 012� bc���� klm ���� 9�.

:�� ��Ú C2H2� ³�I à= ´�(ó 150oC)��� Ni �2�

� C4H4/ ��Ú �ím �K��, �[ C2H2 �]# qh�s C6H6

/ �K�� klm ���� 9�[35]. :�� ´�' 450oC 0�l

m �ä82 �] �2� ��Ú C2H2= 0�F cyclotrimerization q

h0 �&����� C2H4, C3H8�� R~ C-C $%0 ��� m S

8� klm °±� 9�[36].

DE� 	 «û$�p ¿%� �2 bc���/ 0i� C2H2/ �

f��s ������p K_�� qh��� ��� Í0 �ë� ?

9�. «ûlm�B Ni ��� �K� *K= ������ �K� $

�I� ��/ Á/ ° ? 9�. �Î Ni ��� �K�0 *K�2 T

^ C2H2' Ni �2� �K��� π-$%/ 012� bc��Ú Õ

K_´��� ��� m f�Ú�. � �= ��' xï�2 ��Ú

��� Ni� Ìi�s C-Ni xU%�(eutectic alloy)' *KÚ�. C-

Ni xU%�0 *K�2 0 %�� U�0 àä K_´���� %�Å

��� ��Kf� �{0 i0�5�[37]. ��xï0 � �'�s �

�� � V�' Wb�í� ���2 ��� � �{0 �5�& �

m Xã(aggregation)82� C2, C3, C4 e� ÎX' �& ������

p �KF�.0L ��� �{= �6  Å� ��}�(domain size)

� �� nF/ Yä� ����� ;<= ��}��� Ìäg F�.

������' � K_Á� DE �6��(metal domain)� ��'

Xm èE' Fig. 10�� �ù� ? 9� Z# Í0 �6�(cap)0 Ú�.

�6�= �� B� �K�� ·Wb $%(dangling bond)/ Wb[Ä

��� B/ ß�b[��[29, 31]. 0# Í= ��/ >�s �6 Ni

��� ������ Blm 0Þ�2� qh/ �5�s ��� ª0

' �'�� klm �)Ú�.

Fig. 9. Mass spectra measured during carbon nanotube growth in RTCVD
reactor.
(a) C2H2/H2 at RT; (b) C2H2/H2 at 600oC, and (c) C2H2/N2 at 600oC.
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4. � �

K_'jF s� �¾/ ������� �¾lm 0i�s K_F

$�p �ÊÅ��. �U�]� î�� ´�, :�� [�� Á?m K

_F $� Ni/Al 2O3 ÏÐ�� ��� ������p �ù� ? 9�

�. K_= RTCVD qh��� �U�]p äWñò� ?�p 
i�

�� K_F ����� JK/ f�F $� ³�Æ ���&�# Á

É Î�. ������' K_Á/ �� ���. Â��]p ?� v

8 Æ�m K_F ��������� ?�p xï��/ L# Í=

JK0 �ù���. oF §Ñ� Á�� vF ÷ø/ [\�� X�

s §Ñ� °1A�� Ò%³p CµF $� §Ñ Á�0 30%���B

������' K_�� [Ì��l¶, : 0�� Á���� ���

�' �ù�8 ���. 0� Ni ��  ' ������� K_� ÷

ø/ Az� klm �Ê�� 9�� 	 ����� 50%� Ni0 Á

îÚ �¾ 10 ��� ��°�0# ÁÉ ����m K_Á/ ���

? 9��. ������� K_¬ qh�Å� �]Kf/ Æ�f��

m f�F $� K_´��� JOF qhKKf0 �K�� k/ �

�� ? 	�l¶, 0p �Zm ������� K_��p nß���.

� �

0 ��� �]8��xÎ c®5^
|(2000�)� 8�lm ?²�

�_§�.
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