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Fig. 1-1 The observation by TEM of multi-wall
coaxial nanotubes with various inner
and outer diameters, di and do, and
numbers of cylindrical shells N reported
by Iijima in 1991: (a) N=5, do=67Å; (b)
N=2, do=55Å; and (c) N=7, di=23Å,
do=65Å [1-8].
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Fig. 2-3 Schematic of arc discharge method. [2-3]

Fig. 2-4 Schematic of laser assisted vapor deposition method. [2-3]
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Fig. 2-5 Schematic of chemical vapor deposition method. [2-3]

Fig. 2-6 TEM images of SWNTs grown by CVD. [2-4]
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Fig. 2-7 TEM image of SWNT bundle. [2-5].

   

Fig. 2-8 Temperature dependence of thermal conductivity for copper (a) [2-12] and SWNT (b) [2-13].
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Fig. 2-10 Temperature dependence of thermal
conductivity for MWNT.

Fig. 3-1 (a) Electron emission at high temperature and low applied field, (b) Electron emission at low
temperature and high applied field (field emission), (c) Emission regimes as a function of
temperature and field for an emitter with φφφφ =5eV [3-1].
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Fig. 4-1 Experimental setup for CNT field emitter.
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Fig. 5-1 SEM images of MWNTs (a) and SWNTs (b).
SWNTs: Courtesy of Dr. Kenji Hata, Research Center for Advanced
Carbon Materials, AIST.
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Fig. 5-2 TEM images of MWNT before impreg-
nated with nano-sized RuO2 particles (a)
and after the impregnation (b).

Fig. 5-3 SEM image of one MWNT with RuO2

clusters and EDX spectra at two spots.



Fig. 5-6UQRuO2®�2�lz`hMWNT_�

2��MWNT�I-V¶�lmZi{�<OF-N£

�@~�Íwi®�2�UVWQc��5OC

ï�@U4WQ3.5V/µm���>?�O200¼_

4wn_xï[�hi�hQ�59:;�O980

[\3800U�x�hi

Fig. 5-7OQj���²³�è?�fgh®�

vw�c��5x0.85V/µm��@x�ho�I-V

¶�lmZiÀ�tuÌU�V`aQMWNTx

[4W,vUyc��5O�¥ÕÆ�Q
�`

a�\gw�>?�y�¼]vn_xï[wi

s5A/cm2����>?�èéU4w_QRuO2

®�2�l`hMWNTOQ�ïZw|}��2

�~UVWà|[\�CNT�¼Cx�Ã��f

gavwUyEÛ\�Q<=�>xÔ
�U4

WQ<�y��U4w4&Q¶����x�g

aÃwn_xï[�hiFig. 5-8Uj���lm

Zi¶����7ØÙlJ�V�U�Áavwi

��Q��>?�õ-U4w_QRuO2±W[CNT

_�9�����ÚÛ��µfxâãU4wi

9GQj��ï�d�ÎRuO2�ddx��WQ

���!pxRuO2¥��y`ÃOj�ïÝ¥�

�l-win�¥��x�5�9:`avwCNT

�5��RuO2l±�| @AZwhcQRuO2ò

åÎj�� ��ÍwCNTy¼CZw�ç�x

Fig. 5-4 The center FEM image showing strong electron emission from sub-nano sized RuO2 clusters at
a MWNT surface.

Fig. 5-5 TEM image of (a) a bundle of CNTs with
several ZnO particles attached to it after
the annealing process, (b) a large ZnO
particle annealed to the sidewall of the
nanotube causing the deformation of the
tube, and (c) a HRTEM image showing
the lattice fringes of the ZnO particle of
polyhedral shape. [5-1]
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Fig. 5-6 Effect of RuO2 impregnation on the
field emission characteristics.

Fig. 5-7 Low threshold field of emitter with
RuO2 impregnation [5-2].
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Fig. 5-8 Comparison between two emitters with
and without RuO2 impregnation.

(a) (b)

Fig. 5-9 SEM images of oriented MWNT (a) and
randomly oriented MWNT(b).
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Fig. 5-10 Simulation of the equipotential lines of the electrostatic field for tubes of 1 µµµµm height and
2 nm radius, for distances between tubes of 4, 1, and 0.5 mm; along with the corresponding
changes of the field enhancement factor ββββ and emitter density (b), and current density (c)
as a function of the distance [5-3].

Fig. 5-11 SEM and TEM images of CNTs.  (a)
SEM image of as-grown CNTs. (b)
TEM image of as-grown CNTs. (c) and
(d) SEM image of plasma-treated
CNTs The diameter of each CNT
covered dot is about 70 µµµµm. (e) TEM
image of sandwich-grown CNTs. (f)
and (g) TEM image of plasma-treated
CNTs [5-4].
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Fig. 5-12 An aligned array of carbon nanotubes
grown from a uniform catalyst (a),
carbon nanotube array grown from a
patterned catalyst (b). [5-5]

Fig. 5-13 (a) TEM images for LaB6 tip-modified MWCNT emitter; (b) high magnification image
for the emitter’s tip showing that most of LaB6 was deposited on the tip of the MWCNT
dark area; (c) EDX spectrum of the emitter’s tip. [5-6]
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Fig. 5-14 Optical microscope images and SEM images of MWNTs on a silicon substrate before
and after serious damages during the emission.
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Fig. 5-15 (a) and (b) SEM micrograph of a nanotube of 0.66µµµµm length and 5-nm radius with the
anode positioned at 2µµµµm distance before (a) and after (b) the destruction of the tube.
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Fig. 5-16 I-E curves [(a) and (c)] of several test cycles just before failure: (a) L=1µµµµm, r=3 nm, (c)
L=1µµµµm, r=20 nm. Inset of (a) is the corresponding SEM image of the CNT emitter. (b)
and (d) are the corresponding SEM images of the failure sites. [5-8]
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Fig. 5-17 SEM images of the interfaces between Ti film and CNTs after the rooting process.

Fig. 5-18 Line elemental analysis of Ti and C at the
interface between Ti film and CNTs with EDX.

  

Fig. 5-19 Comparison of MWNT rooted in Ti
film with MWNT dispersed by use of acetone.
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Fig. 5-20 I-V characteristics of rooted MWNTs with Ti film and Ti particles.
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Fig. 5-22 Endurance and stability test of rooted
MWNTs for one month.
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Fig. 5-21 Life time of rooted MWNTs and
aceton-dispersed MWNTs.



U�ZwÐÑUObz�Á\gQ¯¬o���

ë|'_j��l�FZw_ýó4âã�Í

wij�LzOQë|�eUVwFGE��

���ÍWQy�LzOQ��ë|UVwÁ¯

��@L��_¥��| @A.��UVw�

�<=ä®����Íwi�~�âã��µf

OQ7U���&ª�'U£¤Zwing\�

âãl)�whcUOQ1)VW»v7!|'¾_

ô�'¾l
.ZQ2)Á¯�ë|l��4vV�

U��ë|l§�ZwQ3)CNT�5l»¥��|

 @A.��l����DEZwQ4) | @A

.��l���v&ª�'l)�wQ��î

xÍÒ�iFig.5-22���Q1)_2)��îÒ�_

4wxQp>�öô��y��ë|'¾Oîï

»ÃQÐÑOT�fgav4vi �|ô��

Íg1QÁ¯��@L��_¥��| @A.

���ÐÑOf\U\4Ã4wxQ�eUVw

FGE�®�ÐÑO�µÃ4wn_U�*Zw

òóxÍwi

UQ��ë|'x�v_�5<=�>O&

�V�U��Zw�ÍÒ�[ij��Ì_`aQ

Fig. 5-23UQ1x10-5Pa�Neë|_td�l¢�`

ho����>�o.��lmZi�	���

vËë|_Á¯�ë|l¢�Zwn_UVWQ

��| @A.��_�	| @A.���Ð

Ñy�caQ�vx��U=wO��ÍwiNe

ë|���Q¢�Zw_�$@·¸��>x÷

�Uª\`Q24o.È�`h_nÒ���>ª

\Ox7%U���hi`[`Qtd����Q

f´gvn_UQ¢��Q10o.�Ã�[�a

�>x�&`a�!XlÌÁQª\U�ÆhÍ

_OQ¹v}!|�÷�ª\`Q24o.�UOQ

b��>�45%��ª\`hiNeë|���OQ

÷$4��3¥��| @A.��UVWCNT

x��l��aQ���>xª\Zw_�Á\

gwi`[`Qtd����OQCNT�5��

FGE��ª\�hOAdsorbate Tunneling State�

d�UVw�>��&_CNT®��	3¥��

| @A.��_��3¥��| @A.��

xýÍ��UVw�>�ª\xo.3U��Z

whcQj�V�49GU4�h_ØU`av

wi&�\���yë|¢�lÎ`ay��

�>�óÏOøÃQtd����OQNeU�ðQ

ú´3¼����µ4��_4�hi

6. 0000!!!!����

r¸¹l¿�`zzQCNT[\��>lÖ�Z

w�hc�./l:�UQCNT�$@A!��

#l�_chi �ø!Alè?�`zzQj

�ë¥+�¥�l��Ó³`aQf\U��ç

��$@A!l�wn_OõK�O4vi¶UQ

CNT�$@A!�-�U·vaO�?���U

Fig. 5-23 Influence of Ne gas and water vapor on field emission current from MWNTs.
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