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éõ9%B�+���Ø{�A?1
ïÄ. ¢�¤^�õ9%B�+^9�jzÆí��È{Ü¤, Ø{�
A^n:�­{ÿþ. ïÄuy: 3¿§e� 500 �ACS, �©�õ9%B�+��Ã²wØ{�A, 
²zÆ?
»?n�%B�+��Ø{Ïf�p�� 120 �m, ���Lõ¬7 (Si) 3 35 ◦C ��Ø{Ïf 30, ¿�Ø{Ïf
����{���'. ­:?Ø
õ9%B�+���)Ø{�A�Å�.

'�c: Ø{�A, %B�+, Ø{Ïf

PACS: 73.22.−f, 73.50.Dn, 72.20.Fr

1 Ú ó

gl 1991 c�uy±5, %B�+±ÙÕA
�>ÆÚåÆA5É�2�'5 [1−4]. 3·�p
Øe, Gaal � [5] Ú Bozhko � [6] þ*	�
ü9
%B�+�>{Cz, Tomlber � [7] K?�ÚïÄ

ü�ü9+3.�å�^e��>A5, 3AC
l 0—3.2%CzL§¥, %B�+�>�Çü$

ü�êþ?, TL§�7á - ��N=Ck'. �
´ Paulson � [8] 3ü�õ9%B�+C/L§¥
vk*	�>{Cz. Ø{�A´3	å�^e
>{�Cz, Ø{Ïf´3ü ACe>{��
éUC, ´á�Ø{�A�þÝ. 7áá�!��
Ná�!kÅ7áá��Ø{Ïf, ������
´ 2—12, 5—175 ±9 100—500[9], ¿�2�A^
uØåO!6þO!\�ÝO±9ªÇO¥ [10].
ü�%+�Ø{�AI�AÏ�å^�, ��6�
CL§; ·�éõ9%B�+?1zÆ?»?n�,
uyÄu���.�%+���Ø{�A�ÌO
r, ¿éÙÅn�
�\©Û. DÚØ{á��3
õUü�Ú�¸oN5�Û�, du��ÄNC/
�ª(¹, �¡È%+��Ø{�AkdåA^u

pc!xùÚ�t�ïÓÔ��� áN¢�i
ÿ [11].

�©^n:�­{éõ9%B�+��Ø{
�A?1
ïÄ [12]. (Juy, ¿§e� 500 �A
CS, ²zÆ?»�%B�+���>{�AC¥
�5�_Cz, ÙØ{Ïf�p�� 120, ¿�Ø{
Ïf��ÚØÓ����ª���'. ©¥�­:
?Ø
õ9%B�+�ÑyØ{�A�Å�.

2 ¢��{

%B�+´^9�jí��È{ (CVD) Ü¤
� [13]. ��Ñ�%B�+²LJX�¤�¢��
^���. Á�¥, ���
 2 |�¬, ¤^�.
þ��54Ð��ØCg¡, ÙL¡æC��ä�
�ý�. A |: �©�%B�+�Ý� 10—20 µm
�m, ���\\¯U¥, ^�(Å©Ñ�, �3�
.þ, ù	óZ, ­Eõg, ��%B�+��. B
|: ké%B�+?1zÆ?»?n [14−17], ÙÚ
½� 1) U 3 : 1 �'~òß1�Úß�� (ßÝ©
O� 98% Ú 70%) ·Ü, �\·þõ9%B�+,
^�(Å± 40 kHz �ªÇëY©Ñ 8 h, ,�ò·
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ÜÔe%�¿§; 2) ^�þ��lfYDº, Ø�
��; 3) ^�»� 0.2 µm �LÈ�LÈ, Â8õ9
%B�+, ����L§Ó A |.

ã 1 n:�­{«¿ã

%B�+��Ø{�Aæ^n:�­{ÿ
þ [12,18], ¢�C�Xã 1 ¤«. òÿÁ�¬ (ëÓ
�.) ��¤�^, ^Õó�¤>4, 3�¬¥m 
�\	å, ¦�¬�­, ¿Úå��>{Cz. O�
Ø{Ïf K �úª� [18,19]

K =
∆R

R0dε
= L2(3t · ∆Y )−1 · ∆R · R−1, (1)

ª¥ ∆R = R(T ) − R0(T ), R(T ) Ú R0(T ) ©OL
«§Ý� T �/C� ε Ú 0 ��>{�, dε ´�
éACþ; L ��é�½:�må, t ��¬oþ
Ý (��\�.), ∆Y ��¬¥%:3	å�^e
����­Ý (6Ý), æ^(¯�Z©L½1m\
{ÿÑ, ∆R/R ��¬>{�éCz.

3 Á�(J�©Û

ã 2 ��¬ B ¥%B�+�ß�>fw�
º (TEM) ã�, %B�+�»3 20—50 nm �m,
��õ9(�; ²zÆ?»�, %+�Ý�Ì á,
©Ù3 1 µm S, �5µ4�à���m; %B�+
3�.þ¥�G�Å©Ù, /¤þ!�����.
?»c�õ9%B�+� Raman 1Ì���q, 

Ùù	áÂÌ3 1729 cm−1 ?õÑ��²w�¸,
ù�¸éAuàÄ (OH) ��. ù`²zÆ?»Ø
�ò%+��¤�ã, 
��%+	9Úà��þ

 OH, =¹�(Uì [14].

ã 3(a) ´ ¿ § e % B � + � > { � é C
z |∆R/R0| �ACþ ε �m�'X. 3 0—200 �
AC��S, >{��éCz�ACþCqu�5
'X, 
�L 200 �AC�, �¬ B >{�éCz
ª�; 3Ó�ACþe, ?»�¬ B �>{�éC
z��, �©�¬ A Ké�. %B�+��éu�
.��ÜAC ε > 0, ¦�� uàå¡, ��>{
O\ (∆R > 0); 
Ø AC ε < 0, ¦�� u]
?¡, ��>{~� (∆R < 0), �üö¤Úå�U

Cþ���C, =äké¡5. ,	>{�AC�
Czäk�_5, =�ACþ�O\Ú~�, >{
�éCz�O\­�Ú~�­��C­Ü.

ã 2 ²zÆ?»?n�%B�+� TEM �

ã 3 %B�+��>{�éCz (a) ±9Ø{Ïf (b) �AC
�'X

ã 3(b) ´¿§e%B�+��Ø{Ïf�A
Cþ�Cz'X, ùp��Ñ�ÜAC��¹. �
XACþ�O\, �¬ A �Ø{Ïf����, ¿
�vk²wCz; �¬ B �Ø{ÏfkO\, 3 150
�ACNC, �����, �� 120 �m, ��¥�
5eüª³, �©ª���Lõ¬7 (Si) 3 35 ◦C
��Ø{Ïf 30. ¿§e�¬ B 3õ�ëYAC
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Ì�L§¥, é	\AC�A(¯, ­E5Ú­½
5éÐ. �
?�Ú�y%B�+���Ø{�A,
·�ò�¬�uý�¿S, ,�ÅÚ¿\�íO\
íØ. ã 4 �¿§e�¬ B �>{�éCz�Ør
�Cz'X, ��>{�Ør�,pÚü$, 
©
O�5~�ÚO�, ¿�TL§äk�_5. ù`
²	ÜíØÚn:�­C/þUE¤%B�+�
�aq�>{Cz. %B�+��Ø=�uÿ/C,
�U^uØrOþ�.

ã 4 �¬ B �>{�éCz�Ør�Cz�¹

ã 5 3��^=¢�¥, �¬ B �>{�éCz�l%\�
Ý�Cz­�, �ã�¢�C�«¿ã

d	, %+�Ø{�A�Ä�A5æ^l%^
={?1
ÿÁ. ·�ò�¬ B é¡/�½u=Ä
���>�, �¡�Ý���=¶²1, ��»�
�R�. =�dNª>Å°Ä, ¢�¤^=���
� 0—3000 r/min; ¥%�½��Ó¶�>M, >{
æ^üÚ�{ÿþ, &Ò²>MÑÑ (�ã 5 ¥�
ã). ã 5 �>{��éCz�l%\�Ý�Cz
­�, ÿÁ�)ü«�ª: 1) �%B�+�¡��
�¥%�, l%å¦���.�, /¤àå¡, >{
�=�O\
ÅìO�; 2) �%B�+�����
¥%�, l%å¦���Ø , /¤]?¡, >{�

=�O\
Åì~�. �=�3 3 min Sl 0 þ!
O\� 3000 r/min �, éA�l%\�Ýl 0 O\
� 6000 m/s2, ü«ÿÁ�ªe>{þu)
 30%�
m��éCz, ��l%\�Ý�mCq¥�5'
X. ���p�^=�, �½3��>��¡G�
¬3l%å��^e�)/C, =���K�)�
l%\�ÝÒ��, l
%+��/CÚ>{Cz
Ò��.

3¿§Ú 200 �ACe, �©�%B�+��
�¬ A Ú²zÆ?»?n��¬ B �Ø{�A�
�C 10 �, ù`²üöSÜ��>Å�²wØÓ.
ã 6 ´>{�§ÝCz��¹. �¬ A �>{ -
§Ý­�Ó©z [20] ¥õ9%B�+g��>{
�§ÝCz­�aq, Ù>{�§Ý�úþ,; �
¬ B �>{�§ÝO\�Ìeü, Ú©z [21] ¥õ
9%B�+�m��>>{ - §Ý­�Czª³�
�. é'��, �¬ A ¥±�©�����%B�
+�Ì, Ù�Ý� 10—20 µm, ���>{Ì�d%
+g��>{û½; ²LzÆ?»?n��¬ B ¥
±�á�%+�Ì, �Ý�u 1 µm, Ù>{Ì�5

u%+�ä¥��>>{, TÜ©é%B�+�
��Ø{�A�z��.

ã 6 �¬>{�§Ý�'X

4 ? Ø

4.1 ØØØ{{{���AAA������)))ÅÅÅ���

% B � + � � � > { � � Î Ü Kaisor �
JÑ��þ!n��. (Hereogenenours Fibrillar
Model)[22−25], ���o>{ R d%B�+g��
>{ R1 ½%B�+�m��>>{ R2 û½, =

R = g1R1 + g2R2, (2)
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Ù¥

gi = Li/Ai, (3)

R1 = A exp(−ηω0/kBT ), (4)

R2 = B exp[J1/(T + J0)], (5)

ª¥ Li ´g�>{� Ri �á�ë��>�k�
�Ý, Ai K´Ù�A�k�;.¡È; R1 L«(
fªÇ ω0 � 2kF �ëY��7á.>{, =%B
�+g��>{; R2 L«%B�+3��¥¥�
G�Å©Ù�)��>>{, =%B�+( (carbon
nanotube junction) �>{, 3T�.¥, J1 Ú J0 ©
O�%B�+(?���³^pÝÚ°Ýk'.

¤±, o>{ R �§Ý T �ÊH'Xª� [23]

R(T ) = Rm exp
(
− Jm

T

)
+ Rt exp

( J1

T + J0

)
, (6)

Ù¥ Rm, Rt, Jm þ�~ê, (Ü R1 Ú R2 ÷v�
Á�5Æ, �±?�Úé (6) ª�Cq?n, {z
� [21,23]

R(T ) = αT + βT−a, (7)

Ù¥ α, β, a þ�~ê, ¿� a > 0, ���%B�+
�m�ØÓ�>�ªk', ±àéà�>. (end-
end) �~, d� a = 1.24[21]. (7) ª¥1�Ü©L«
%B�+g��7á.>{, Ù>{�§Ý�5O
\ (�ã 6 � A ­�), 1�Ü©L«%B�+(�
>{, Ù��§Ý,p�Ìeü (�ã 6 � B ­�).

�â±þ?Ø(J, ��½ØÓ�¬¥åÌ�
�^�>{a.ÚØ{�A��)Å�: �¬ A �
>{�§Ý,p�5O\, ÷v R ∝ T , ¤±��
¥%+g�>{ R1 åÌ��^, R ≈ (L1/A1)R1,

éü�õ9%B�+�ïÄL² [8], 3Ù�5/
C��S, >{�vk?Û�*ÿ��Cz, Ïd
�¬ A vk²w�Ø{�A; é²LzÆ?»��
¬ B, Ù>{�§Ý�Ìeü, �%B�+(Cz
ª³��, Cq÷v R ∝ T−a, ¤±��>{¥ R2

åÌ��^, R ≈ (L2/A2)R2, 
�þ�nØÚÁ
�(J®L² [26−29], %B�+(�>{ R2 é	
\��Aå�©¯a, ¤±�¬ B k�r�Ø{�
A. ù´Ï�²LzÆ���%B�+��Ý�Ì
~� [14], ��¥�)�õ�%B�+(, ¦� R2

3o>{¥ÓÌ�/ , ÙØ{�AÌ�´ R2 �
AC�Cz�)�.

Ø
���A, zÆ?»��õ9%+�	9
Úàl�5�þ¹�(Uì, ù
(Uì�f
%
B�+�m� van der Waals å, wÍOr%B�+
��.���ä���^å [30]. Ïd, ?»��%

B�+(�N´3��Aåeu)�¡E��5
/C, 
�NX5Ð, ÙØ{�A3�½C/��
SkûÐ�­E5Ú­½5.

4.2 %%%BBB���+++(((���ØØØ{{{ÏÏÏfff

%B�+(>{ Rjun �(NC�3���³
^���' [11,31], T��³^���Cq��³
^, üö÷vXe'X [31]:

Rjun = (h/4 e2)(νF/ν⊥)(1/T )

≈ (h/4 e2) e2kdjun , (8)

=
Rjun ≈ A e2kdjun , (9)

ª¥, A �~ê, k �%B�+(�m�³^pÝ
k', �Bål djun L«ü�%B�+¥%m�å
l. ��\Aåc, %B�+(�>{� R0, �B
ål� d0, R0 ≈ A e2kd0 ; �\��Aå�, k Cq
ØC, Rjun = R, djun = d, R ≈ A e2kd.
¤±:

∆R

R0
=

R − R0

R0
= e2k(d−d0) − 1. (10)

-:

δ = dε =
d − d0

d0
, (11)

�\ (10) ª�
∆R

R0
= e2k·δ·d0 − 1. (12)

Kü�%B�+(�Ø{Ïf� [19]

K =
∆R

R0 · dε
=

e2k·δ·d0 − 1
δ

. (13)

Ï~�¹e, ���Ñ3�éAC δ � 500 ×
10−6 ���S, nØØ{Ïf K �ACO\¥þ
,ª³. nØ��'¢��p�õ, Ì�8uXe
ü��Ï: %B�+�m9Ù��.m�3 van der
Waals å��^ [11,30], ��%B�+(¢S/C 
�, �A�>{Cz¢��~�; ¢�¥, du�.
��3, �k�Ü©åD4�%B�+��
Úå
/C [19], O�(J¥�éd�7��?�.

5 o (

�©éõ9%B�+��Ø{�A?1
ï
Ä. uy3¿§e� 500 �ACS, %B�+��
Ø{Ïf�p�� 120, ���Lõ¬73 35 ◦C
��Ø{Ïf 30, ¿�%B�+��ØÓ���
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{é¤¼��Ø{Ïfk­�K�. nØ©ÛL
²: %B�+(>{é	\��Aå�©¯a, �
ACu)wÍCz, Ïd3	å�^e, zÆ?»
�õ9%B�+�m��>>{Cz´ÙØ{�

A�)�Ì�5
. du%B�+kNõ`É�Ô
nzÆ5U, l
�^uï�5U`û�õõU�
.Ø{Daì, 3B�>fÆ¥òk2,�A^
cµ.
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Abstract
In this paper, the piezoresistive effect of the multiwalled carbon nanotube (MWCNT) film is studied. Carbon nanotubes are

synthesized by hot filament chemical vapor deposition. The piezoresistive effect in the MWCNT film is studied by a three-point
bending test. The gauge factor of the MWCNT film under 500 microstrain is found to be at most 120 at room temperature, exceeding
that of polycrystalline silicon (30) at 35 ◦C. The origin of the piezoresistivity in MWCNT film is also discussed.
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