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1 Ú ó

g 2004 c Geim �|¤õ��Ñü��$L
±5 [1], ù«dü�(�f¤�¤���þfN
X®¤��8và�ÔnïÄ¥�9:��. �
$L¥ Dirac :NC�16f�±^Ã·��þ
� Dirac �§5£ã, l
äk4p�[£Ç, �@
�´�5�p�>fì��n�á� [2−9].

�éu�$L, Ù>fU�(�äkÃ�é¡
5. �´duù«Ã�é¡5, �\��>f3³
^¥��BVÇ7½� 1, �³^pÝÃ' [2−4].

ù«�A¦�ü��$L|�A+����3�
½�(J. X�)ûù�¯K, @oÒI�»�>
f�Ã�é¡5. ~X, �±ÏL	\^|!�z
�Ú p >f!AÏ>�(���$LB��!½
´æ^V��$Lá�5»�ù«é¡5¿�m
�Y [3,10−13]. �´, ù
�{Ñ�3�½�"�,

Ù¥	\^|N�Ø|u8¤z; �z�$LÚV

��$Lá�¥Ù>f�k��þØ2�", ù�
>f[£ÇòwÍeü; 
�$LB��>��½
��¡8c�4�(J. éd, Liu � [14,15], Torres

�| [16] ±9 Savel’ev �| [17] ©OïÄ
�$L
¥>f3	\1|e�Ñ$1�, ïÄuy, 3r
1|¥du�$L¥>fÚ1|��pÍÜ, ��
¥�>fÚd�¥��Ç·Ül
»�ÙÃ�é
¡5¿�m���Y, ù��$L¥>f��{ß
�ò�³�. �Ãu�¯-1�uÐ, ù«1��
>f|�A+��A�Ý�±��æ�¦þ?. �
du1fUþÚ>f�[ªÇ�3�½���, Ï

ù�L§´��JL§, vk1f�áÂ. ù�,

ù«1��>f|�A+òäk4��õÑ.

�´, 3ù
'u	\1|é�$L¥>fÑ
$1�K��ïÄ¥, ý�õêÑX­uÏLU
C1|�ªÇ!-1rÝ�5N�>fÑ$, é
	\>|>³�K�ïÄ��. ¢Sþ, 3	\1
|eÏLN!	\>|A5, ��±N�>f�
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Ñ$. ~X, �±ÏL	\>|>³�p$5UC
1fUþÚ>f�[ªÇ�����, l
��>
f�mÍÜ�rÝ��, ¿UC>f��BVÇ.


>|N��1|N�38c��Eó²Y²e
�k`³, éd, �©òïÄ»4�³^°Ý!³
^pÝ!��³^ér1|e�$L¥>f�B
�K�.

2 nØ�.ÚO��{

·�ïÄ
r1|ì�e, �$L¥>fl X

���BÏL��°Ý� D, pÝ´ V0 �³^½
´F/³^ (Xã 1(a) ¤«), Y ��Ã��. \
�>f�Uþ�u¤�U Ek, ì�1f ���
� Y ��, ªÇ� ω, Ù¥ Eb = 2V0 − Ek > ω

� 2Ek À ω. ù�³^	�1|é>f�K��
±���Ñ, 
³^S�±#N��[ªÇ Eb

Ú ì � 1 f U þ El = ~ω � m � 3 � ½ � �
� ∆0 = Eb − ~ω, ³^SÜ�vk¢1fáÂ
L§. 
���� ∆0 é�½öé��, >f-�Ç
�¥Õ�p�^½´õN�p�^�±�Ñ. ù�
�Ñ�$L¥ K Ú K ′ >f�Ñ�, K :>f�M
�îþ�±�� [14,15]

i~
∂

∂t
Ψ (x, t) = [H0 + V (x) I + Hint]Ψ (x, t) ,

(1)

Ù¥ H0 = −i~vFσ • ∇ ´Ã6Äe�$L�)
.�M�îþ, σ ´�|Ý
, vF ´�$L�¤�
�Ý, Ψ (x, t) = [CA(x, t), CB(x, t)] ´�$L�Å
¼ê, I ´ü Ý
, V (x) ´»4>Ø, 3³^	
Ü V (x) = 0, 
3³^SÜ, éu�³^ V (x) =

V0, 
éuF/³^ V (x) = V0 + ξ(x− x0), Ù¥ ξ

´�	\ Øk'�Xê, x0 ´³^m>�� �
�I, Hint ´1fÚ�$L��p�^M�îþ,

Hint �±�� [18]

Hint = evF

 0 Ax − iAy

Ax + iAy 0


= ~

 0 V12(t)

V21(t) 0

 , (2)

Ù¥ e ´>f>þ, Ax, Ay ´1f�¥³¿´�m
�¼ê. ù��
¦)¹��).�M�îþ, ·
�Ú\
��k��©�{ (FDTD) 5¢�/ü

ã 1 (a) r1|ì�e, �$L¥>f�BÏL���³^½
F/³^�«¿ã; (b) �$L¥>f��  Yee ��

«�$L¥>f��¯Ñ$L§. FDTD ´�«¤
Ù�ê�O��{, ´)ûE,>^DÂ¯K�k
��{��, �±¢��ü«>^Å3E,(�¥
�DÂ, ¿�2��^uX�!U�!Å�!1f
¬N��O9�ý [19−22]. 
�$L¥>f3éõ
�¹eLya1�Ñ$1� [23−26], �´Äuù�
�Ä, ÏLa'�$L�Å¼ê CA(x, t), CB(x, t)

Ú>^Å�>|©þ E!^|©þ H , ò CA(x, t),

CB(x, t) 3 Yee ��þ�© (�ã 1(b)), �±��
¹�).�M�îþ (�§ (1)) ��©/ª [14,15]

CA(i, j, k + 1/2)
(

1
∆t

− V (i)
2i

)
=

CA(i, j, k − 1/2)
∆t

+ V (i)
CA(i, j, k − 1/2)

2i

−
(

vF

∆x
− V12

2i

)
CB(i + 1/2, j, k)

+
(

vF

∆x
+

V12

2i

)
CB(i − 1/2, j, k), (3a)

CB(i + 1/2, j, k + 1)
(

1
∆t

− V (i)
2i

)
=

CB(i + 1/2, j, k)
∆t

+ V (i)
CB(i + 1/2, j, k)

2i

−
(

vF

∆x
− V21

2i

)
CA(i + 1, j, k + 1/2)
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+
(

vF

∆x
+

V21

2i

)
CA(i, j, k + 1/2). (3b)

ÏL���AáÂ>.^�Ú\�>.^�Ò�
±¢��ü«�$L¥>f�Ñ$1�. �©¥
òæ^ 1 �� Mur áÂ>.±9pdÅ�>f\
� [27]. ù�\�>f�Å¼ê�±��

CA = CB =
1√
2

exp

[
−4π (t − t0)

2

τ2

]
eiEkt/~, (4)

ù�ÏLé'ß�Å�!��Å�Ú\�Å�Ò
�±���$L¥>f��BVÇ!��Ç�.

3 O�(J9©Û

·�ÄkO�
�³^pÝ V é>f�BV
Ç�K�. O�ëêXe: �mÚ�Ú�mÚ�©
Ù� 0.1 fs Ú 0.2 nm ±(�O�°Ý. \�>f
Uþ Ek = 217.5 meV, ³^°Ý D = 200 nm, 1
r Il = 300 mW/µm2, V0 = 400 meV. O�(JX
ã 2 ¤«, ß�Ç�Cz�¹Xã¥¢�¤«, �
�ÇXã¥J�¤«. �»ØpÝO\�, ³^S
�±#N��[ªÇ Eb Úì�1fUþ El = ~ω

�m���O�, r1|¤����mÍÜ~f!
1��Y~�, 1é�$L¥>f��{ß��
³��~f, l
¦�ß�ÇO\. ~X, �³^
pÝl 402 meV Cz� 388 meV �, ß�Çl�
� 0.035 O\� 0.8. ù�X·�c¡¤ýÏ�@
�, �±ÏLUC»4>Ø5�B�UCr1|e
�$L|�A+��B>6, l
¢y»4>Ø�
�. 
�ù«|�A+é»4>Ø4�¯a, ��
UC�� 15 meV, �B>6Czò����þ?±
þ. ù«|�A+òäk4$�ó�>Ø, Ï
ä
k4$�õÑ.

ã 2 �³^pÝ V é�$L>f�B�K�

³^°Ýé>f��BVÇ�k��K�.

äN�O�(JXã 3 ¤«. du	\1|�1
Æ stark �A, �$L���Úd�Å¼ê·Ü,

ÙÃ�5�»�. ù�, �$L¥>f��BÚ
� Dirac âf��Baq, Ù�BVÇØ2©ª
� 1, 
´�X³^°Ý�O\�êP~.

ã 3 r1|e�$L>f�B�³^°Ý�Cz�¹

ØLéu¢S�|�A+, Ù³U©Ù¿Ø´
î���³^, Ï~k�½�ÆC. ~X, 3 x ��
þ	\ Ø�, du ØÚ»Ø��Ó�^, ù�
³^Cq�F/ (Xã 1(a) ¥:�¤«). ·�é�
$L¥>f3F/³^¥��B?1
ïÄ.

ã 4 r1|e�$L>f3ØÓF/³^¥��B

é u F / ³ ^, ³ ^ S Ü � > ³ � ± L «
� V (x) = V + ξ(x − x0). ·�O�
ØÓF
Ý�F/³^�³^pÝ�Cz�¹. O�(JX
ã 4 ¤«. Äk, Úã 2 ¥�(J��, �³^p
Ý V O\�, [ªÇ Eb Úì�1fUþ El = ~ω

�m��� ∆0 O�, >f��BVÇO\. 
³^
���ò?�ÚO�½ö~��� ∆0 ���, ¿
¦�³^SÜ�?���Ø��. ~X, � ξ > 0
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� (Xã 4 ¥J�Ú:�¤«), ³^� −x ���
�, ²þ��~�, >f��BVÇü$; � ξ é�
� (Xã¥J�¤«), ù�3,
 �?, ��� 0

l
Ñy���¹, ù�>f�BVÇ��4�,

�ùg¬Ñy¢1fáÂL§, é1�áÂO\õ
ÑO�. 
� ξ < 0 � (Xã 4 ¥J:�¤«), ³^
� +x ����, ²þ��O�, >f��BVÇO
\. d	, lã 4 ¥��±wÑ�>³�����
�, ~X3 V − V0 = 7 meV ?, |ξ| < 25 mV/µm, >
f�BVÇCzØ´é� (< 20%). 
�>³��
é��, ~X |ξ| < 50 mV/µm, >f�BVÇ:ì
UC (∼ 80%).

4 ( Ø

|^ FDTD �{ïÄ
r1|e�$L|�
A+¥�»4>³N�. 3r1|edu1Æ stark

�A, �$L���Úd�ÑyÅ¼ê·Ü¿�m
���Y, �$L|�A+��{Ã�ß��³�.

ù«³�Ø
r��6u1r���Ú1�ªÇ
	, ��±ÏLUC»4>³�°Ý!³^pÝ�
5N�. d	�ïÄ
��³^>³¥>f��B.

ïÄuy, �>³������, >f�BVÇC
zØ´é�. 
�>³��é��, >f�BVÇ
:ìUC.
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The influence of gate voltage on electron transport
in the graphene field-effect transistor

under strong laser field∗
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Abstract

The influence of gate voltage on electron transport in the graphene field-effect transistor under strong laser field is studied by

using the finite-difference time-domain method. The perfect tunneling in graphene can be strongly suppressed by the strong laser field

induced optical stark effect. This suppression depends not only on the laser field but also on the width and the height of the gate voltage.

The electron transport through a non-square barrier is investigated. We find that a barrier with a small incline has little effect on the

electron transport, but if the barrier has a large incline, the tunneling probability changes remarkably.

Keywords: graphene, transport properties, finite-difference time-domain (FDTD)
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