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ÄÄÄuuu���²²²ïïï Green ¼¼¼êêênnnØØØ���¸̧̧������,,, - $$$���,,,¦¦¦
(((���%%%BBB���+++|||���AAA¬¬¬NNN+++ÑÑÑ$$$ïïïÄÄÄ*

4,�† Üdt �1� ^r �� êH o# �� �a�

( �w�ÆÔnÆ�, !� 110036 )

( 2011 c 9 � 8 FÂ�; 2011 c 10 � 23 FÂ�?Uv )

�Uõ%B�+|�A¬N+�5U, ò�«¸��, - $�,¦ (HALO-LDD) �,(�Ú\%B�+��.

3þfåÆ�²ï Green ¼ênØµeS, ÏLgU¦) Poisson �§Ú Schrödinger �§, �ï
·^u�þ!�

,�%B�+|�A+�Ñ$�., T�.�¢y|�A¬N+�Ñ$5��%B�+Ã5�ê�é�. |^T�

.ïÄ
ü HALO V LDD �,(�é%B�+|�A¬N+Ñ$A5�K�. é'©ÛL², ù«�þ!�,(

��|�A+Ó��%B�+��|�A¬N+�', äk�$��¦>6!���>6m''!���æK«

»>Ø{Ì, L²Ùäk�Ð�»�Uå; äk���¦>�, �·ÜA^u�[8¤>´¥; äk���K�>

Ø¤£, L²�U³�á���A. Ó����%B�+|�A¬N+�', ù«�þ!�,%B�+|�A¬N

+3��«�Cà �, >|rÝO�, k|uO�>f�DÑ�Ç; 3��«�C¦à �, >|rÝ~�, �

k|u³�9>f�A.

'�c: �²ï Green ¼ê, %B�+|�A¬N+, á���A, 9>f

PACS: 73.63.Fg, 85.35.Kt, 73.23.Ad, 73.23.–b

1 Ú ó

�X�'~ �Eâ�ØäuÐ, 8c7Ä7
á - �zÔ - ��N (MOS) |�A¬N+�A�
º�®?\B�þ?, á���A!916f�A
��?�AC��©wÍ. �³�ù
Ø|y��
Ñy, <�æ^õ«�{, 3#(�!#á�!#
ó²��¡?1XØä&¢. l��ó§ïÄ�
ÝÌ��)ü�¡: �´Eæ^7Ä��, �3�
��p�½î���½Eâ?n, é��S��,
©Ù?1AÏ�O, ~Xæ^$�,¦ (LDD) (�
5~�½�)¦àp>|, ±³�9>f�A, ½
æ^¸��, (HALO) (�5~�¦aA³^ü
$ (DIBL) �á���A; �´æ^#.��á�

5O�7��, %B�+ (carbon nanotube, CNT) �
Ñy¦�|^Ù������%B�+|�A¬
N+ (CNTFET) ×�¤�Cc5���ïÄ9:.

CNT duäkÕA�O��(�, Uì�½
�òÃ5�äk��N5�!�Ð�9åÆ
½59�p�Å�rÝ!B�?��», ¦Ùä
�¤�#.��á���U. 1�� CNTFET ®
u 1998 cï�¤õ [1,2], C
c5®����?
Ð [3−8]. ®k¢~L² CNTFET �äk`É�>
ÆA5, ~Xpª�!p>6m''!p>f[£
Ç!p Fermi >f�Ý (∼106 m/s)!�¢y��Ñ
$� [9−11], CNTFET 3�A�Ý!ªÇ!>6�
Ý [12] ��¡äk`u7ì��5U. ��¢�ï
Ä�·A, k' CNTFET Ñ$Å��nØïÄ�¤
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�ïÄ<
a,�����K [13−22]. nÜ5w,

ý�õêïÄ [13−21] þæ^�� CNT ���, �
k©z [22] O�
äkü HALO �,(�� CNT-

FET �Ñ$A5. É7Äî���ó§�éu, ·
�ò HALO Ú LDD �,(�Ó�Ú\ CNTFET

¥, ïÄT�,(�´Äaqu�Uõ77á - �
zÔ - ��N|�A¬N+ (MOSFET) 5U@�
�UUõ CNTFET �5U, ±\rnØ��©&
¢ÚêâÈ\. �©æ^þfåÆ�²ï Green ¼
ê (NEGF) nØO�
ü HALO- V LDD �,(
�� CNTFET (HLL-CNTFET) �ÑÑA5!=£
A5!>6�m''!æK�{Ì!K�>Ø¤
£!²1����>|rÝ�>ÆA5, ¿�DÚ
��� CNTFET 3³�á���AÚ9>f�A
�¡?1
'�.

2 �.(�

O�¥¤æ^� CNTFET �(�aquDÚ
� MOSFET (�, Xã 1 ¤«, »�CX��«,

�O3ucö±ç¸. CNT(äk��N5) ��
��. �©À� CNT �Ã5�ê� (17, 0), Ù�
»� 1.33 nm. /¦« (���*ÐÜ©) ��Ý�
� 25 nm, þ� N .�,, Ù¥�k 20 nm �Ý«
��ßÝ� 1/nm, 3Ú¦«S�C»4?�
k 5 nm $�, N .«�, �,ßÝ� 0.01/nm, ±

ã 1 �k LDD-HALO �,(�� CNTFET «¿ã

/¤é¡� LDD (�. ��« CNT �� 20 nm,

Ù¥�C«k 5 nm � P . HALO «�, ßÝ
� 0.5/nm, /¤�é¡� HALO (�. ��Ù¦«
���� CNT. »4æ^ÎG�7 CNT ���(
�, »0�þÝ� 2 nm, À� HfO2 ��»0�, �
é0>~ê� 16.

3 �[�{

du�7» CNTFET �³UÚ>Ö�Ýäk
»�é¡5, Ïd Poisson �§{z�÷+¶�
� (Z ��) Ú÷»� (r ��) ���Î�I�§:

∇2U (r, zj) = −ρ (r, zj)
ε0εr

, (1)

Ù¥ U (r, zj) ´ CNT �L¡>³, ε0 ´ý�0>
~ê, εr ´»0���é0>~ê, ρ (r, zj) ´>Ö
�Ý, äN�L«�

ρ (r, zj) = e
[
N+

D (zj) − N−
A (zj) − n (zj) + p (zj)

]
,

r = rCNT,

ρ (r, zj) = 0, r 6= rCNT, (2)

Ù ¥, rCNT ´ CNT � � », e ´ > f > Ö þ,

N+
D (zj), N−

A (zj) © O ´ � , � Ì Ú É Ì ß Ý,

n (zj), p (zj) ©O� CNT L¡ zj ?�>fÚ�
ÇßÝ, �|^ NEGF �{¦) Schrödinger �§
��.

ò CNTFET w¤´��>fXÚ, £ãTXÚ
� NEGF �L«�Ý
�/ª [23]:

G (E) =
[(

E + iη+
)
I − H − ΣS − ΣD

]−1
, (3)

Ù¥ E �Uþ, i L«JÜ, η+ ´��Ã¡���
�, I ´ü Ý
, H ´ CNT ��� Hamilton Ý

, ΣS Ú ΣD ©O� CNTFET �!¦gUÝ
.

ç¸. CNT �U�(��Äu ppπ ;åPCq�
�, §�Ã5 n k':

Eq (k) = ±γ

√
1 + 4 cos

(
3
2
kacc

)
cos

(qπ

n

)
+ 4 cos

(qπ

n

)2

, (4)

Ù¥ acc �% — %��, k �÷+¶���Å
¥, q � ÷ » � � þ f z Å ¥. 3 T U � ( �

e CNT � Hamilton Ý
 H �L«�né�Ý

�/ª [18]:
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H =



U1 bt

bt U2 γ 0

γ U3 bt

bt U4 γ

γ
. . . . . .

0
. . . UN−1 bt

bt UN


N×N

, (5)

Ù¥ N � CNT ¥¤¹%��êþ, é�� Uj �
1 j �%�?�·>³, �ÏL¦) Poisson �

§ (1) ��; bt = 2γ cos
(

tπ

n

)
, Ù¥ t � q ¥��

C 2n/3 ��ê. CNT 8>/¬���¥�3üa
ØÓ%�f A, B, γ ��� AB %�fÅ¼ê��
UÈ©.

CNT ¥�k1��%�f�Ú����%�
f�©O�Ú¦>4ÍÜ, Ïd, /¦gUþ�
DÕÝ
�/ª:

ΣS =



Σ11 0 · · · 0

0 0 · · · 0
...

...
. . .

...

0 0 · · · 0


N×N

, (6)

Ù¥ Σ11 L«Xe [18]:

Σ11 =
(E − U1)

2 + γ2 + b2
t ±

√
[(E − U1)

2 + γ2 + b2
t ]2 − 4 (E − U1)

2
γ2

2 (E − U1)
, (7)

Ó�, ΣD ¥�k����é����", Ù��
ò Σ11 ª¥� U1 �¤ UN ¦�.

½Â/¦>4�?°¼ê ΓS(D) �

ΓS(D) = i
[
ΣS(D) − Σ+

S(D)

]
, (8)

Ù¥, Σ+ L« Σ ��ÝÝ
. /¦Û�G��Ý
�?°¼ê�'X�

LDOS−S(D) = Diag
(
GΓS(D)G

+
)
. (9)

b�/¦à>féU?�W¿´Õá�, XÚØ�
3Ú�� Fermi U?, /¦U�gØÓ� Fermi U
??1W¿, 3à>f± Fermi U? EFS W¿,

3¦à>f± Fermi U? EFD W¿. dd, >f9
�Ç�ßÝ�©OL«�

n (zj) =
∑

q

2
∆z

∫ +∞

EN

dE

2π
[LDOS−Sf (E − EFS)

+LDOS−Df (E − EFD)] , (10a)

p (zj) =
∑

q

2
∆z

∫ EN

−∞

dE

2π
[LDOS−Sf (E − EFS)

+LDOS−Df (E − EFD)] , (10b)

Ù ¥, é q ¦ Ú L « CNT U � � 3 U � { ¿,

∆z = zj+1 − zj , ©f¥� 2 L«�Ä>fg^,

EN L« CNT B�¥
U?. >6 - >Øúª�

I =
4e

h

∫ +∞

−∞
T (E) [f (E − EFS)

−f (E − EFD)] dE, (11)

Ù¥ß�Xê T (E) �

T (E) = Tr
[
ΓSG (E) ΓDG+ (E)

]
. (12)

4 (J9?Ø

� [ ¥, CNT » � Ú ¶ � � � � : m
å © O � 0.1 nm Ú 0.25 nm, η+ � � 10−16,

acc �0.142 nm, γ = −2.7 eV[24], ¤ � [ § Ý
� 300 K.

ã 2 �Ñ
 HLL-CNTFET �ÑÑA5. �

 B u ' �, ã ¥ � � Ñ 
 D Ú CNTFET (C-

CNTFET) ±9©O�æ^ü HALO ½V LDD �
,(���ì�ÑÑA5, Vgs ��½� 0.6 V. dã
��, 3�Ó�¦>Øe C-CNTFET �ÑÑ>6�
�,  HLL-CNTFET �ÑÑ>6��, �NÑ HLL-

CNTFET äk���ÑÑ>�. ã 3 �Ñ
=£
A5�, �½ Vds � 0.6 V, 3�Ó�»>Ø Vgs

e, C-CNTFET �¦4>6��,  HLL-CNTFET

�¦4ÑÑ>6��, �NÑ HLL-CNTFET k�
��K�>Ø. �,T(���Ï>6�, �Ù
` : ´ ' � � ¦ > 6 � �, ä k � � �> 6 m
''. ½Âm�9'�>6©O� Vds = 0.6 V,

Vgs = 0.6 V ±9 Vds = 0.6 V, Vgs = 0 V ��¦
4>6, O��Ñ C-CNTFET �m�Ú'�>6
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©O� 31.759 µA Ú 4.832 × 10−5 µA, >6m''
� 6.65 × 106, éu HLL-CNTFET �m�Ú'�
>6©O� 16.610 µA Ú 6.515 × 10−7 µA, >6m
''�L 2.5 × 107. HLL-CNTFET äk���>
6m'', `²Ù»��Uå�r.

æK«»>Ø{Ì½Â�æK«=£A5
��éê�Ç��ê, = S =

dVgs

d(ln Isub)
, S ´�

N MOSFET æK«A5����ëê, �Læ
K« Vgs é¦4>6���Uå. ã 4 �Ñ
æ
K«»>Ø{Ì, dã��, HLL-CNTFET »>Ø
{Ì��u C-CNTFET, �NÑTì�(�»>Ø
éæK«>6��Uå²wÐu C-CNTFET; l
»>Ø{Ì�ü HALO �, CNTFET ��C�(
J5w, ù«»�Uå�OrÌ�´ HALO �,
��^.

ã 2 CNTFET �ÑÑA5

ã 3 CNTFET �=£A5

DIBL �A´ MOS ì�á���A��
N y, � � � HLL-CNTFET � DIBL � A, ã 5

�Ñ
 HLL-CNTFET Ú C-CNTFET K�>Ø¤

£ ∆Vth � ¹ é '. K � > Ø ¤ £ � � ´ � 5
K � > Ø (¦ 4 > Ø � é � �) Ú � Ú K � >
Ø (Vds = V DD) ��, K�>Ø½Â�¦4
>6�� 1 µA �I�\�»>Ø. �© Vds ©O�
� 0.05 V Ú 1 V. Xã 5 ¤«, � Vds l 0.05 V O\
� 1 V �, HLL-CNTFET �K�>Ø~� 8.3 mV,

 C-CNTFET �K�>Ø~� 9.7 mV, `²ùü«
(�� CNTFET 3³�K�>ØOá�¡þÐu
7á�� MOSFET ��¹,  HLL-CNTFET �K
�>Ø¤£��, L²ù«(��U³�K�>Ø
Oá, Ï DIBL �A´���. Ù�Ï�lã 6

� CNT ��L¡�>³©Ù5©Û, du HALO

Ú LDD �,(���3, ¦�ù
«�äk�$
�>fßÝ, Ïäk�$�>Ö�Ý, ����
�,«��>³� C-CNTFET ��$, oN��L
¡>³¥�FG, �¦4¤�\>ØCz�, >³
���pÝCzé�, =�Ú�¦>Ø�UCé
¦4>6�K�é�, ==£A5�CzØ�,

Ï¦4>ØCz�, K�>ØCz��.

ã 4 æK«»>Ø{Ì

ã 5 K�>Ø¤£
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ã 6 CNT ��L¡>³ (Ù¥��� �� x = −10—

10 nm, �
?Ø¯K, �xÑ
Ü©/¦«, ã 7—9 aq)

ã 7 �Ñ
÷�����>|rÝ, � C-

CNTFET � ', HLL-CNTFET 3  « Ú � � «
� . ? � � � > | (l  � � ¦ � �) ~ �,

l 0.12 V/nm ~�� 0.03 V/nm, ù�4Ä«�S
��>|�~�òk|u>fl�¦�DÑ,

��>|~���Ï3u LDD �Ú\, ~�

«Ú���.NC (=ã 6 ¥� –10 nm NC)

>³�:ìCz, >³©ÙC��²�. ,	, d
u��¥ HALO (��Ú\, ¦ HALO «Ú��
���.NC�>³�)
�:ì�Cz, ��
3 x = −5 nm NC�)
�� 0.1 V/nm �m��
�¸�>|, T>|k|u4>f�¦4�DÑ,

��>fDÑ�Ç� C-CNTFET ��, Xã 8¤«.

HLL-CNTFET ���`³Ny3��Ú¦�
. (x = 10 nm) NC, � C-CNTFET �', �.?
>|l 0.23 V/nm ~�� 0.04 V/nm, ùò4�/³
�9>f�A�Ñy. >|�:ì~�´du¦«
¥ LDD (��Ú\, T(�¥�$>fßÝ��

ã 7 ÷����>|rÝ

ã 8 ÷����>f²þ�Ç

ã 9 ÷����>fßÝ©Ù

>³�õ/üá� LDD «�S, ¦��>.NC
�>³eü, ±9>³�Cz�ª²�; ,	¦4
NC� LDD «��$>fßÝÚ¦«�p>fß
Ý�.? (x = 15 nm) NC¬�)¸�>|, T¸
�>|Ó C-CNTFET � x = 10 nm NC�¸�>
|�', �´¸�>|ê�~�, �´¸��¦«
�?í?, =¦�)9>f, �Ø¬é»4E¤�
�K�.

I�`²�´, du LDD (�Ú HALO (
��Ú\, �� HLL-CNTFET ��«�>fßÝ
ü$, Xã 9 ¤«. Ïd, �, HLL-CNTFET �
� > f k � p � ² þ � Ç, � d u ¦ 4 > f >
6 I = nevS, ´d>fßÝÚ>f�ÇnÜ�^�
(J, ù�Ò)º
��oã 2 ¥� HLL-CNTFET

k�$�¦4>f>69¦>�.

5 ( Ø

æ^þfåÆnØ, �ï
��[ HLLCNT-
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FET Ñ$��.. |^ Poisson �§¦)>|Ú>
³, |^ Schrödinger �§¦)>Ö!>6©Ù�,

 Schrödinger �§ÏL�²ï Green ¼ê�{¦
), ÏLò Poisson �§Ú Schrödinger �§gU¦
)±¦����>Æëê. T�.�¢y CNTFET

�Ñ$5�� CNT Ã5�ê�é�.

ÏLO�ç¸. (17, 0) CNT ���� HLL-

CNTFET �ÑÑA5!=£A5!>6�m'
'!æK�{Ì!K�>Ø¤£!÷����>
|rÝ�>ÆA5, ÄgïÄ
 HALO-LDD |Ü
�,é CNTFET Ñ$A5�K�.

HLL-CNTFET � C-CNTFET �', äk�$

��¦>6!���>6m''!���æK«
»>Ø{Ì, L²Tì�' C-CNTFET äk�Ð
�»�Uå; äk���¦>�, �·ÜA^
3�[8¤>´¥; äk���K�>Ø¤£, L
²T(��U³� DIBL �A; 3ì�à, >|
rÝO�, k|uO�>f�DÑ�Ç, 3ì�¦
à, >|rÝ~�, k|u³�9>f�A. o�,

HLL-CNTFET LyÑ�Ð�ì�5UÚ³�á�
��A!9>f�A�Uå. �ïÄé\�%B�
+|�A¬N+ó�Å��n)!ÿÐÙA^k
È4¿Â.
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Study on transport characteristics of CNTFET
with HALO-LDD doping structure
based on NEGF quantum theory∗

Liu Xing-Hui† Zhang Jun-Song Wang Ji-Wei Ao Qiang Wang Zhen

Ma Ying Li Xin Wang Zhen-Shi Wang Rui-Yu

( College of Physics, Liaoning University, Shenyang 110036, China )

( Received 8 September 2011; revised manuscript received 23 October 2011 )

Abstract

A transport model of CNTFET is built by solving the Poisson equation and Schrödinger equation within the non-equilibrium

Green’s function theory. The simulation method can relate the CNTFET transport properties directly with the chiral index of CNT.

For the first time, the influences of single HALO and double LDD (HLL) doping structures on the CNTFET are investigated. The

results show that under the same gate-source and drain-source voltages, HLL-CNTFET reduces significantly the leakage current and

the subthreshold swing and increases on-off current ratio as compared with conventional CNTFET, indicating that this new structure

has better gate control ability than conventional CNTFET. HLL-CNTFET possesses a smaller drain-source conductance so that it is

more suitable for analog integrated circuits application, and has a smaller threshold voltage shift so shat it can better suppress DIBL

effect. The increase of channel electric field strength near the source is beneficial to the increase of the electron transport rate; and

the reduction in electric field near the drain is more conductive to the suppression of hot electron effects. This study is helpful for

understanding the working mechanism and exploring new features of CNTFET.

Keywords: non-equilibrium Green’s function, carbon nanotube field effect transistor, short-channel effects, hot
electron
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