
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 2 (2012) 023102

A-Z-A ...���$$$LLL|||���AAA¬¬¬NNN+++áááNNN
���AAA���111���555���nnnïïïÄÄÄ*

��a† �Ö² Ü� �ï� ùR 47¤

( I��E�ÆO�ÅÆ�, �â 410073 )

( 2010 c 10 � 6 FÂ�; 2011 c 5 � 23 FÂ�?Uv )

|^1�5�n�O��{, ïÄ
 A-Z-A . GNR-FET �>f(�ÚÑ$5�9Ù©fáN�A. ��
±
e(Ø: XÀ� A-Z-A . GNR-FET äk;.�V4.¬N+A5, áN©f��3¬¦B��UYC�. éuá
N H, H2, H2O, N2, NO, NO2, O2, CO2 Ú SO2 ©f��¹, A-Z-A . GNR-FET E,�±X|�A¬N+�Ä�A
�, �áNØÓa.�©f¬¦ GNR-FET �Ñ$A5u)ØÓ§Ý�UC; éuáN OH ©f��¹, Ñ$A5u
)
���UC, ��Øäk|�A¬N+�A5. ù
ïÄ(JòkÏu�$LíN&ÿì�ó§¢y, ¿éA
^uØÓ�¸¥ GNR-FET ��Oäk­���¿Â.

'�c: �$LB��, �$L¬N+, ©fáN, >f(�

PACS: 31.15.eg, 68.43.Bc, 68.43.Fg, 73.22.Pr

1 Ú ó

7á��\ó4���@�´ 10 nm �°. É
ÔnÚAÛ4����, �u 10 nm �ÒØ��U
)�Ñ5U­½!8¤Ý�p��¬. �±ý��
5ÄuB�º�á��B�>fì�ò��DÚ
� CMOS ì�, ©f½#.�þfÑ$ÅnXg^
>6ò�O>Ö>6, TEâòò���½Æ�Æ
·, k"�ï�#.�p�O�Å�¡�5â».

�$LB�� (graphene nanoribbons , GNRs),

���«#.�%ÄB�á�, Úå
<��4�
ïÄ,�. �$LB��´äk�½°Ý!Ã��
Ý�·¶G��¬N, §´ü�f���$¬N�
�, Ù¬�´d%�f�¤���·¶(�. 3ù
«äkm�>� SP2 %�GNX¥, >�%�f�
AÛü�3>f�¥u�­���^, Tá�äk
Nõ#Û�ÔnA5. Ï�aq%B�+ (CNTs)

�(�Úþf���A [1−3], ù«�$B���
Uäkaq%B�+�>fA5�$L´�«"
�Y��Ná�, äk�'7p�16f[£Ç,

lnØþ`, §�>f[£ÇÚ�Ç[£Çüö�
�. d	, Ï�Ùäk"B�A5, =¦3¿§e
16f3�$L¥�²þgd§Ú�Z�Ý��
���?, ¤±§´�«5U`É���Ná�.

�ü9%B�+aq, �$��±©¤ armchair .
�$� (äk zigzag >�) Ú zigzag .�$� (ä
k armchair >�), Ó�½Âü��I (m,n) I½
�½°ÝÚ�Ý��$�, ÷°Ý���ü%�f
��ê½Â�°Ý m, ÷�Ý����±Ï5ü�
­E�ê8½Â��Ý n.

Äu�$B���±�OÚ�EäkÄ�õ
U�ì�, ù
Ä�õUì��)�6ì!pn (!
|�A¬N+� [4], duü�7á - ��N(�
±�¤��|�A¬N+, zigzag .�$�¥y�
�NA5, armchair .�$�¥y7áA5, Ïd
ò zigzag .�$L����ë�ü� armchair .
7á�� (
Ú¦) K�¤�$L|�A¬N+,

ã 1 �Ñ
d 2 nm ���� (4, 3)zigzag .��
N��ë�ü� (6, 3)armchair .7á�� (
Ú
¦) �¤
 A-Z-A . GNR-FET (�ã, ã¥�Ú
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�L C �f, A-Z-A GNR-FET �>�]!�^ H

�fðz (xÚ�f). éu��N.�$�, �â
��°ØÓ
Cz���UYA5, �±�O�$
��ØÓ>f(�©Ïd, |^ØÓ(���$L
(K�U�ïõU>´©,	, ©z [5—8] �B�
�ãEâ��
��°ÝÚ���8�, �C�Á
� [9,10] L² GNRs �±ÏLü���$L��ã
ó²��¤ì�(�, $��E8¤>´.

ã 1 (4, 3)zigzag .��Në�ü� (6, 3)armchair .
7á�� (
Ú¦) �¤� A-Z-A . GNR-FET (�«¿
ã (Ù¥�Ú�L C �f, xÚ�L H �f)

�$LÛÜ(��UC�±4��K�Ù>
ÆA5§©z [11, 12] ��
�$B���>÷"
��A. Ó��N�', ÏLé�$L?1»Ø�
�½©fáNK�U¬A^3>fì�ÚzÆD
aì¥. �CïÄL²N�»Ø¬¦�$L(f
u)5Æ5�UC [13,14]. ¢�ÚnØþé�$L
�'zÆDaì�A5ÑkïÄ [15,16], �C�Á
� [15] L²�$L����íN&ÿìäk4Ý�
¯a5, $��±&ÿÑü�©f. d	, ÏLíN
�,�±N��$L�>ÆÚ^Æ5� [17−20]. �
±þ�ïÄó�Ñ´�é GNRs Ðm�, 
 GNRs

|�A¬N+ò¬´�58¤>´�uÐ���
�, ��8c���vk'u GNR-FET áNA5
�ïÄ�w, Ïdé A-Z-A . GNR-FET áN�A
�ïÄäk­��¿Â. �©|^1�5�n>f
O��{, &?
 A-Z-A . GNR-FET �U�(�
ÚÑ$5�9ÙáN�A.

2 �[�O��{

AÛ(�tµÚ>f(��O�´æ^Äu
�Ý�¼nØ (density functional theory, DFT) �²

¡Å�³{. 3?1AÛ(�tµÚU�(��
O�¥, æ^2ÂFÝCq (generalized gradient ap-

proximation, GGA) ?n���'³U, Ùp�«È
©ÏL Monkhost-pack �{gÄ�), ^ 1× 1× 16
� k :Ä�éA{�Ùp�«.

> f Ñ $ 5 � ´ Ä u DFT Ú � ² ï � �
¼ ê (non-equilibrium Green’s function formalism,

NEGF) �1�5O��n�{�¤�. 3dÄ
:þ, |^�²ï��¼ê�{5?nB�ì�3
	� Øe�>fÑ$5�. 3�ó�¥, ��'
é¼êæ� GGA , ^ 1 ×1 ×50 � k :Ä�éA{
�Ùp�«, gUO�¥ Mesh Cutoff �� 100 Ry

±��O��ÇÚ°Ý�²ï.

3 O�(J�?Ø

3.1 XXXÀÀÀ A-Z-A ... GNR-FET ���>>>fff(((���
999ÙÙÙ555���

ã 2(a) � Ñ 
 � Ý � 2 nm � (4, 3)zigzag

. GNRs ¤ � ¡ N C � U � ( �, ã ¥ � J �
�LNX�¤�U?. lã¥�±wÑ, zigzag

. GNRs ¤�U?NCäk�½�UY, B�°
Ý� 0.338 eV, Ly���NA5, ã 2(b) �Ñ

T(����Ýã£DOS¤, Ù¥Uþ� 0 � 
��L¤�U?, �±w�3¤�U?NC�ø
>fW¿�U?Cq� 0. ã 3 �Ñ
ã 1 (�
�;. I-Vgs ­�, 3 −2.0 � 1.6 V �>ØI�
¥, GNR-FET LyÑCqé¡� I-Vgs ­�, äk
4Ð�V4¬N+A5. mé>6 Ion � 0.53 µA,

3 −0.6 V »Ø?¬N+u'�, ��¦>6 Ioff

� 0.16 µA, >6�m'' Ion/Ioff = 5.3, �,T(
��m''��, �´>��é�, ¿�>6A�
��
�Ú, ù«ì��·ÜA^u�[>´¥.

ã 4 �T GNR-FET (��>��»Ø�Cz'
X, ã 5 �Ñ
T(�� I-Vb ­�, �±w�äk
�Ð���NA5.

3.2 A-Z-A ... GNR-FET áááNNN©©©fff���>>>fff
(((���999ÙÙÙ555���

Ð©G�e, ��©få GNRs ²¡ 3 Å?, (
�tµO���å^�´XÚ�Uþ�$¿��
få��, ?u°ÝÚO��Ç�ò¥�Ä, ·�
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�� Energy � 2.7 × 10−3 eV, Max force � 0.5 eV,

Max displacement � 0.05 Å. áN©f��$LA
Ûtµ��(�Xã 6 ¤«, ÏL'�áNXÚ�
oUþ9áN©f�� GNRs v
�?�XÚo
Uþ, Ò�±��áNU. L 1 �Ñ
 GNRs áN
ØÓ©f�áNU9tµ�©fål�$L²¡

�ål d.

éuáN H �f��¹, åÐ H å GNRs ²
¡ C �f� 3 Å, 3tµ�L§¥, du H �f
ål C �f��, Ïd¤�éf, tµ��må�
� 2.993 Å, Ä�vkCz, ¿�áNU�é���
ê, =3ù«�¹e H �f�áuÔnáN.

ã 2 XÀ zigzag . GNRs ¤�¡NC�U�(�9��Ý

ã 3 XÀ A-Z-A . GNR-FET � I-Vgs ­�

ã 4 XÀ A-Z-A . GNR-FET � C-Vgs ­�

ã 5 XÀ GNR-FET � I-Vb ­�

éuáN H2, H2O, N2, NO, NO2, O2, CO2, SO2

��¹, åÐ��©fål�$L²¡� C �f
� 3 Å, 3tµ�L§¥, áN©f�l GNRs,

GNRs ¡þáN �� C �f��láN©f, Ï

 GNR ²¡�­/¤]/��$�. �±ò(�
tµn)�áN©f� GNR �pü½�L§, �
ª��Uþ�$9�få��, Ïd­½(�¥á
N©f� GNR �ålþ�uÐ©�½�ål 3 Å.

éuáN H2O ©f��¹, ·�O����tµå
l´ 3.181 Å, ù�Ù¦©z¥�nØê� 3.5 Å´
'��C� [21]. ÏLL 1 �±w� H2, H2O, N2,
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NO, NO2, O2, CO2, SO2 �áNUþ�u 0, ùL²
áNXÚ�oUþ´�u GNR �Uþ�áN©f

Uþ�Ú�, ¿�XÚ�áNUÑ��, Ïdù

©f� GNR � C �f¿Ø¤�, ÑáuÔnáN.

ã 6 �âUþ�$Ú�få����K, �$LáNØÓ©f�`z(� (a)H; (b) H2; (c) H2O; (d) N2; (e) NO; (f) NO2; (g)
O2; (h) OH; (i) CO2; (j) SO2

L 1 GNR áNØÓ©f�áNU9k�ål

©fa. H H2 H2O N2 NO NO2 O2 OH CO2 SO2

áNU (binding energy)/eV 0.143 0.139 0.161 0.245 0.056 0.300 0.180 -1.265 0.090 0.140

k�ål(d)/Å 2.993 3.200 3.181 3.347 3.010 3.072 3.255 1.489 3.291 3.127

B�°Ý/eV 0.332 0.337 0.334 0.121 0.155 0.055 0.130 0.090 0.071 0.046

éuáN¥5 OH ©f��¹, åÐ�� H

å GNRs ²¡ C �f� 3Å, 3tµ�L§¥, O �
f�R���� GNRs þ C �f/¤�d�, Ó
� CNRs þáN �� C �fàå, �Ù¦áN�
¹ØÓ, GNRs ²¡�­/¤à/��$�. �±
ò(�tµn)�áN©f� GNRs �páÚ�
L§, �ª��Uþ�$9�få��, Ïd­½
(�¥áN©f� GNRs �ål� 1.489Å, ��u

Ð©ål. áNU� −1.265 eV L²tµ��áN
(�' GNRs Ú�á� OH ©f(��\­½, Ï
d OH ©fáuzÆáN.

ü 9 % B � + (SWCNT) � © f � � p �
^ ò ¬ � � SWCNT > Æ 5 � u ) é � � U
C [22]. @o�$L|�A¬N+áN©f�5
U´XÛCz�Q, e¡·�l^U�ã!ß�
Ì T (E)!Ñ$A5 I-V Ú>���¡5L�Ù>
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Æ5��Cz.

3.2.1 áN©fé A-Z-A . GNR-FET U�
(��K�

ã 7 �Ñ
áNØÓ©f� zigzag .�$�
¤�¡NC�U�(�. ò¤�U??�Uþ��
� 0, ã¥�J��L¤�U?. áN©f�Ú\¦
����$�d�ºU��Uþk¤ü$, ��.
U��Uþþ,, áN�a©f��U�UYþk

¤ü$, äNê�XL 1 ¤«.

éuáN H, H2, N2, NO2 Ú CO2 ©f��¹,

áN©f=¦�$���.Úd�º�U? �
u)
UC; éuáN H2O Ú SO2 ©f��$�,

UY¥¤�U?NCÚ\
�^ÚáN©f�'
�U�; éuáN O2 Ú NO ©f��¹, UY¥Ú
\
ü^ÚáN©f�'�U�, ©O u¤�U
?NC�þ�Úe�; �Ù¦áN�¹ØÓ, éu
áN OH ©f��$L, UY¥Ú\
�^BL¤
�U?���U?.

ã 7 zigzag . GNRs áNØÓ©f�¤�¡NCU�(� (a) H �f; (b)H2 ©f; (c) H2O ©f; (d) N2 ©f; (e) NO ©f;
(f) NO2 ©f; (g) O2 ©f; (h) OH �lf; (i) CO2 ©f; (j) SO2 ©f

3.2.2 áN©fé A-Z-A . GNR-FET ß�
Ì�K�

ÏLïÄ A-Z-A . GNR-FET ©OáN H, H2,

H2O, N2, NO, NO2, O2, CO2, SO2 Ú OH ©f²ï
��ß�Ì T (E), ¿ÚvkáN©f�XÀ GNR-

FET ?1
'�. �â T (E) �ØÓÁ�(J�
©�üa, 1�a´ H, H2, H2O, N2, NO, NO2, O2,

CO2, SO2 Ú SO2 ©f, §��ß�Ì T (E) A�
��, ¿�ÚXÀ GNR-FET � T (E) �Éé�,

1�a´ OH ©f, §� T (E) �áNÙ¦©f

� T (E) �Oé�, �XÀ GNR-FET � T (E) ��
�ØÓ, ã 8(a) Ú (b) ©O� A-Z-A . GNR-FET á
N CO2 Ú OH ©fß�Ì T (E) �XÀ GNR-FET

ß�Ì T (E) �'�. dã��, éuXÀ� GNR-

FET, ¤�U?NC�ß�XêCq� 0, ù´d
u zigzag . GNRs Ly���NA5��Ï, ¿�
3¤�U?�m�k 3 �'u¤�U?é¡��
�¸, dd��� A-Z-A . GNR-FET Ñ$Ly�
;.�V4¬N+A5. �éuáN OH ©f�
�¹, ß�Xê3±¤�U?�¥%�é���S
Ñé�, ùÒ��áN OH ©f�� GNR-FET Ñ
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$A5u)é��Cz, �>5UC�é�. dc
�!©Û��, Ø OH ©f� GNR-FET �áNá
uzÆáN	, Ù¦©f�áNþ�ÔnáN,

z Æ á N = � á N © f � GNR / ¤ z Æ �,

�� GNR-FET �zÆ(�u)UC, Ï
ß�Ì
T (E) � ¬ u ) � � C z, 
 Ô n á N ¿ Ø
UC GNR-FET �zÆ(�, Ïdß�Ì T (E) C
zØ�.

ã 8 A-Z-A . GNR-FET áN©f��ß�Ì�XÀ GNR-FET ß�Ì�'� (a) CO2 ©f; (b) OH ©f

3.2.3 áN©fé A-Z-A . GNR-FET Ñ$
5��K�

Äk��
¦ Ø� 20 mV, ïÄáNØÓ
©f� I-Vgs ­�¿�XÀ GNR-FET � I-Vgs ?
1'�, 3 −2.0 � 1.6 V �>ØI�¥, áN H,

H2, H2O, N2, NO, NO2, O2, CO2, SO2 Ú SO2 ©f
� GNR-FET þLyÑCqé¡� I-Vgs ­�, �
äk4Ð�V4¬N+A5. ã 9(a) �Ñ
 A-Z-A

. GNR-FET áN H2, CO2 Ú N2 ©f� I-Vgs A
5�XÀ GNR-FET I-Vgs �'�. dã��, �
XÀ GNR-FET �', áN©f�� I-Vgs ¬u)
 £, ¿�¦¬N+'ä��»Ø�¬UC, Ñy
3 Vgs �� −0.4 V ?. � Vgs �u 0.8 V �, áN©
f� FET >6�þ�uXÀ FET �>6�, Ioff >
6����É�� 0.11µ A.

éuáN OH ©f��¹, 3 −2.0 � 1.6 V �
>ØI�¥, GNR-FET � I-Vgs ¿ØäkV4A5,

>6��~��, ¿�A�Ø�»Øu)UC, X
ã 9(b) ¤«. ã 10(a) �Ñ
 A-Z-A . GNR-FET

áN H2, CO2 Ú N2 ©f��>��»Ø�'X
¿�XÀ GNR-FET �'�, ã 10(b) �Ñ
 A-Z-A

. GNR-FET áN OH ©f��>��»Ø�'X
¿�XÀ GNR-FET �'�, kã��>��»Ø
�Cz'X�>6�»Ø�Czª³����, l
nØþ¿ØJn), ù´Ï�3�½
¦ Ø��

¹e, GNR-FET �>6�>�´¤�'�.

ã 9 A-Z-A . GNR-FET áN©f�� I-Vgs A5�
XÀ GNR-FET I-Vgs �'� (a) H2, CO2 Ú N2 ©f;
(b) OH ©f

�ïÄ GNR-FET áN©f� I-Vb A5, �½
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»Ø� 0.6 V,  Øl −2 V Cz� 2 V£ Ø5½
�
à>Ø�¦à>Ø��¤, ïÄáNØÓ©
f� I-Vb ­�Czª³¿�XÀ GNR-FET � I-

Vb ?1'�. áN H, H2, H2O, N2, NO, NO2, O2,

CO2 Ú SO2 ©f� GNR-FET � I-Vb þLyÑ�
�NA5, ¿��O��. ã 10(a) �Ñ
 A-Z-A

. GNR-FET áN H2, CO2 Ú N2 ©f� I-Vb A5
�XÀ GNR-FET I-Vb �'�. dã��, áNØÓ
©f� I-Vb ­��Ø�Ó, ¿��XÀ GNR-FET

�', �Ó ØeáN©f� GNR-FET �>6�
Ñ¬ÑC�.

ã 10 A-Z-A . GNR-FET áN©f��>� - »Ø'
X�XÀ GNR-FET �'� (a) H2, CO2 Ú N2 ©f; (b)
OH ©f

é u á N OH © f � � ¹ X ã 9(b) ¤ «,

3 −2.0 � 2 V �>ØI�¥, >6� Ø�C
z��, éuXÀ� GNR-FET, 3 2 V � Øe>
6�� 40 µA, 
áN OH ©f� GNR-FET �>6
=� 16 µA, >6� Ø�'XLyÑ�½�ý�
NA5.

ÏL±þé GNR-FET áN©f� I-Vgs Ú I-

Vb üaÑ$A59>��©ÛïÄ, �±w�á
N H, H2, H2O, N2, NO, NO2, O2, CO2 Ú SO2 ©f

�Ñ$A5�XÀ GNR-FET �'CzØ�, E,
�±X|�A¬N+�Ä�A5, �éuáNØÓ
©f��¹, Ñ$A5��3�É. 
éuáN OH

©f��¹, Ñ$A5u)
���UC, ��Ø
2äk|�A¬N+�A5. T(Ø�±^�'�
ß�ÌnØ?1)º.

ª (1) ´Í¶� Landaure-Büttiker úª, §´
£ã0*Ñ$NXÑ$5����Í¶úª, §r
�N¥�>6Ú>fUßL§�AÇéXå5. 3
ýé"Ýe, >6�

I =
2e

h
T [µ1 − µ2], (1)

T =
∑

i τi =�ß�¼ê, §�N>fÏL�N�
VÇ, τi �L����Ï���z,

∑
i L«é¤k

��Ï���z¦Ú; µ1 Ú µ2 ��N�mü>�
zÆ³. >�K�

G =
2e2

h
T. (2)

d±þúª��, ��>fÏLNX�ß�¼ê®
�, =�O�ÑNX�>6Ú>�.

ã 11 A-Z-A . GNR-FET áN©f�� I-Vb A5�
XÀ GNR-FETI-Vb �'� (a) H2, CO2 Ú N2 ©f; (b)
OH ©f

dc¡©Û��, éuáN OH ©f��¹, ß
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�Xê3±¤�U?�¥%�é���SÑé�,

Ï
áN OH ©fNX�>6Ú>��é�. ÄÙ
�Ï, ù´du OH ©f� GNR-FET �áNáu
zÆáN¤��, ��áNa.é GNR-FET �Ñ
$5�k�~­��K�.

du GNR-FET áNØÓ©f�� I-V A5­
�¬�Ø�Ó, ·��±|^ù«�É�OíN©
f&ÿì, �â GNR-FET LyÑ�ØÓÑ$A5,

?
(½¤áN�íN«a.

4 ( Ø

|^1�5�n>f(�ÚÑ$5�O��
{, ïÄ
 A-Z-A . GNR-FET �>f(�ÚÑ

$5�9Ù©fáN�A. ��
±e(Ø: XÀ
� A-Z-A . GNR-FET äk;.�V4¬N+A
5, áN©f��3¬¦B��UYC�, éuá
N H, H2, H2O, N2, NO, NO2, O2, CO2 Ú SO2 ©
f��¹, A-Z-A . GNR-FET E,�±X|�A
¬N+�A�, �áNØÓa.�©f¬¦ GNR-

FET �Ñ$A5u)ØÓ§Ý�UC, 
éuá
N OH ©f��¹, Ñ$A5u)
���UC,

��Øäk|�A¬N+�A5. Ñyù«�O�
�Ï´cö� GNR-FET ��^þáuÔnáN,


 OH ©f� GNR-FET ��^KáuzÆáN.

ù
ïÄ(JòkÏu�$LíN&ÿì�ó§
¢y, ¿éA^uØÓ�¸¥ GNR-FET ��Oä
k­���¿Â.
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Abstract

By performing first-principles calculations, we demonstrate the electronic structure, the transport properties, and the adsorption

effect of A-Z-A graphene nanoribons field effect transistor. It is concluded that the pure A-Z-A GNR-FET has typical bipolar charac-

teristics, and energy gaps will become smaller due to the adsorbed molecule. For the adsorption of H, N2, NO2, H2O, SO2, O2 and

NO, A-Z-A GNR-FET remains typical bipolar characteristic, but shows a little difference in transport property after it has adsorbed

different types of molecles. For the adsorption of OH, transport property changes totally and does not have a bipolar characteristic

any more. These results may contribute to the implementation of gas detector based on GNRs and the design of GNR-FET applied in

complex environments.
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