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1 Ú ó

�$L (graphene) ´%�f;�æÈ¤ü��
�·¶G¬�(���«%�#á�, 3 2004 c
d=Iù�dA�Æ�ü �Æ[S�� · #0Ú
�dAæ · ì»lâÅ3¢�¿¥¼�. �$Lä
kéõAk�5�Úd3A^, Ì��)#.�þ
f¿��A [1], "16fßÝ4�e���þf�
>Ç [2], þfZ��A�r�³� [3], �p16f
[£Ç [4], Ã�þ�>fÚ�Ç, �5ÚÑ'X [5],
ε = vFp, ±9"�YUÌ�. Cc5, ·I��Æï
Äó�ö3�$L�����!(�L��Ôn
A5�ïÄ�¡��
�X�#�?Ð, ~X, ¢
�ïÄ
ØÓ45 6H-SiC L¡�$L���9Ù
>f(� [6]¶nØ©Û
�C�a�éÉÃ«.
�$LB��>f(��K� [7]¶O�
ü��
n�ç¸.�$Lþf:�>f(�Ú^5 [8]¶
^©fÄåÆ�[
�$L�µþ5U [9] �.

>fÚ�Ç�"�YÚUþ��5ÚÑ'X
¦�$L�±31Ä$½>Ä$�^e [5,10] ��
�â[�ZË��-¹½��0�. Ryzhii �
<3|^�$L�)�â[Åù��¡�
�þ

�ó�, �)ïÄäk©l��ü��$L¥>p
� p-n (>fÚ�Ç�5\98Øê�= [10], ©
Û1Ä$õ��$L(��)�â[�Z1��
15 [11], ?Øõ��$L(�¥>p� n-i-p (A
5 [12] �. (JL², 3äk©l��>Ä$ü��
$L(�Ú1Ä$õ��$L(�¥, Ä�>�Ç
�±´K�, =U
¢y�â[�Z1�Ë�.

�ü��$L�q, õ��$L(�¥z��
$L�>fÚ�Ç�Uþ÷v�5ÚÑ'X, ù®
��þ�¢��y [13−16], |^õ��$L�Oü
��$L, �±wÍUõ1>fì��5U [17−19].
��f�JÑØÈ��«#.(�, >Ä$�$L
(��KÄ�>�Ç´�Æó�ö��ïÄé
���, §éu THz -1ì�#uÐkX��¿
Â. ��u1Ä$�$L(�, 8cé>Ä$�$
L(��Ä�>�Ç�ïÄé�, �=�uü�
�$L [10], ïÄ?Ø
�Ä�>�Ç�'�¤�
U?±9>p� n-i-p (A5, �vkéÄ�>�
ÇÐm�[?Ø. é>Ä$õ��$L(��K>
�Ç�ïÄÿ�k©z��.
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� p-n (Ú n-i-p (#N�>Ø��, ù�zÆ�
,� n «Ú p «ké��ØÓ. ØÓ��>Ø¬K
� n «½ p «�>f½�Ç�Ý, ?Úå���
$L�¤�U?�Cz. |^��Ñt�§í�Ñ
���$L�¤�U?, nØO�
õ��$L�
Ä�>�Ç, ?Ø
�$L�ê, �>Ø,  �>Ø
±9Äþµþ�méõ��$LÄ�>�Ç�K
�. (JL², �k>p� n-i-p (�õ��$L(
��Ä�>�Ç3�â[��S�±´K�, =�
mË��u�SáÂ, ùØy
>Ä$õ��$L
(��±���)�â[�Z1�-¹Ô��
�15.

2 �.9nØÄ:

·�¤�Ä�>Ä$õ��$L(��z
��Ñ�ý>>:�ë, (�ºÜ�kü�Õá
u�$L��©l�, Xã 1 ¤«. 3©l�Ú
���>:�m�\�� �>Ø, Ò�±¼�
>p�� p «Ú n «. äkºÜ©l��ü�
Úõ��$L(�, �±�)î�� n-p (Ú n-
i-p (. b�1��>:Ú�A���>³©O
´ ϕs = 0 Ú ϕg = Vg > 0, ,���Ú>:�
>³©O´ ϕg = −Vg < 0 Ú ϕd = V = 0(½
ö ϕd = V 6= 0). XJü���m�ål 2L v

°, ²w/�L��þÝ, =�Úº��$Lm�
ål Wg, Kd¿e�z��$LÑk���k� i
«, ù�, Ò¬/¤ n-i-p (. ò ϕk = ϕ|z=(k−1)d ½
Â�1k��$L�>³, Ù¥, k = 1, 2, 3, · · · ,K,
K´(�¥�$L��ê, d´�$L��m�m
�, z ¶��$L²¡R�, z = 0 ?éAº��$
L, z = zK = (K−1)d ´�$���. @o, l>:
v
��1k��$L�¤�U?�� µk = ±eϕk.
Ù¥, e ´>Ö>þ [12].

Äk, O�
>Ä$õ��$L(� n «�
>³©Ù (p «�±^�Ó��{). Ú?Ãþj>
³ ψ = 2ϕ/Vg, �±��>³©Ù���Ñt�
§ (n «):

d2ψ

dz2
=

8πe

αVg

K∑
k=1

(
Σ−

k − Σ+
k

)
δ(z − kd + d), (1)

ª¥, α ´0>~ê, Σ−
k Ú Σ+

k ©O´²ïG�e
1k��$L�>fÚ�Ç¡�Ý. �ö�±^e
ªL«

Σ∓
k =

2
π

(kBT

~vF

)2
∫ ∞

0

dξξ

1 + exp(ξ ∓ µk/kBT )

=
12ΣT

π2

∫ ∞

0

dξξ

1 + exp(ξ ∓ µk/kBT )
, (2)

d?, ΣT = (π/6)(kBT/~vF)2 ´§Ý� T �, ��
�$L¥>fÚ�Ç��Ý, ~ Ú kB ´�z�Ê
K�~þÚÀ�[ù~ê. |^>.^�, )��
Ñt�§, ����$L�êK�u 2 ���§|

d

Wg
(2 − ψ1) − ψ1 + ψ2 =

d

Wg
τφ(ψ1),

ψk−1 − 2ψk + ψk+1 =
d

Wg
τφ(ψk),

(2 6 k 6 K − 1),

ψK−1 − ψK =
d

Wg
τφ(ψK), (3)

Ù¥

φ(ψ) =
12
π2

[ ∫ ∞

0

dξξ

1 + exp(ξ − Ugψ)

−
∫ ∞

0

dξξ

1 + exp(ξ + Ugψ)

]
, (4)

ª¥ τ = (8π/α)(eWgΣT /Vg) ∝ T 2/Vg � Ug =
eVg/2kBT .

Wg 

Vn Vp 

GLs 

V 

L 

基底
n-区 p-区z 

ã 1 äk©l��õ��$L(�

1k��$L�¤�U?�deªL«:

µk =
eVg

2
ψk. (5)

õ��$L(��þÝ'�â[Ú�ù	1�Å
���õ, ¤±u�½áÂ�â[Ú�ù	1dõ
��$L(��Ä�>�Ç�¢Üû½ [11]. K��
$L(�� n « (p «) Ä�>�Ç σω �¢Ü��
SÚ�m�[±9Uþ� ~ω �1fË�k' [10],

Reσω =
K∑

k=1

(Reσ(inter)
ωk + Reσ

(intra)
ωk ), (6)

Ù¥

Reσ(inter)
ωk =

e2

2~
exp(− µk

kBT
) exp(

eV

2kBT
)
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× sinh(
~ω − eV

2kBT
), (7)

Reσ(intra)
ωk =

e2vFτ

2π~

∫ ∞

0

dpp(−df0/dp)
1 + ω2τ2

≈ e2

2π~
(
µk

~
)

τ

1 + ω2τ2
, (8)

© O é A 1k� � $ L � � m Ú � S �
[ [20−23].

3 O�(JÚ©Û

d�§ (1)—(8) �¦�Ä�>�Ç��, O�
L§¥� α = 4, d = 0.35 nm, Wg = 10 nm, Äþµ
þ�m t = 10 ps.
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ã 2 �Ñ
�$L�êKÚ �>ØVO�
Ø Ó ê � �, õ � � $ L � Ä � > � Ç � ¢
Ü Reσω(^ e2/2~ 8�z, ±e{¡õ��$L
Ä�>�Ç) �ªÇ�'X, Ù¥, �>Ø� 1 V,
§Ý� 300 K. lã 2 �±wÑ, Ä�>�Ç�¢
Ü Reσω 3 ωmin < ω < ωmax ªÇ���K, ¿3
d��S������. ωmin Ú ωmax ´ Reσω = 0
��ªÇ�, Ù¥, d�$L�ê!�>Ø! �
>ØÚÄþµþ�m�û½. 3 ωmin < ω < ωmax

�, Reσω < 0, `²>Ä$õ��$L(�3�â
[Åã��mË��u�SáÂ, U
¢y�â[
�Z1�Ë�½��, � ωmin �X�$L�ê�
O\~�. �dÓ�, Reσω �3X�����,
§�����ýé��X �>ØÚ�$L�ê
�O\O�, Ù¥ �>Ø��3´âfê�
=����Ï,  �>Ø��, �N´¢yâfê
�=, Reσω < 0 �Ò�N´¼�, l Reσω ��
��ýé�Ò��.

ã 3 �Ñ
�ê� 10 ��$L(�3ØÓ
 �>ØeÄ�>�Ç Reσω �ªÇ�Cz�¹,
Ù¥�>Ø� 1 V, §Ý� 300 K. lã¥�±w
Ñ, ωmin �X �>Ø�O\C�, Ä�>�
Ç Reσω ����ýé�Ú ωmax �X �>Ø�
O\C�. >Ä$õ��$LKÄ�>�Ç�ª
Ç��Ì�d �>Ø5û½,  �>Ø��, U

ÑÑ��â[�Z1�ªÇ��Ò��.
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ã 4 �Ñ
�>ØØÓ�^�e, äk©l�
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¥,  �>Ø� 30 mV, §Ý� 300 K. lã¥�±
wÑ, �Xk�O\, k��$L�¤�U?�5�
�, ù«eü�ª³3 1 6 k 6 10 ���S'�²
w. ù´>Ä$õ��$L(��éu���$L
¤�U?Ä��±ØC�1Ä$õ��$L(�
���A:. l (6), (7), (8) ª¥�±wÑ, ¤�U
?éõ��$L(��Ä�>�ÇK���wÍ,
Ïd, 3>Ä$��¹e, 7L�ÄØÓ�>Øé
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õ��$LÄ�>�Ç�K�.
ã 5 3ã 4 �Ä:þ�Ñ
3ØÓ��>Ø

^�e, Ä�>�Ç�XªÇ�Cz'X, lã 5
�±wÑ, �>Ø��, õ��$LÄ�>�Ç�
����ýé���, ��/, ωmin %�X�>Ø
�O�O�. d	, ÃØ�>ØXÛCz, éu�
½� �>Ø ωmax ©ª�±ØC. dd�±íØ,
�>Ø��, Ä�>�Ç�K�ªÇ����, U

Ä$��â[-1�ªÇ����.
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½� ωmax ¦ Reσω = 0 ¤á. Ïd, �$L�ê�
õ, Ä�>�Ç�K���Ò��, 3ò5�â[
-1ì½��ì�A^¥, U
¢y��â[-1
�ªÇ��Ò��.

ã 7 ¤«�µþ�mØÓ�õ��$L(�
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·Üu�â[�Z1��)¶Ón, 3�½��
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Ñ�â[�Z1.

4 ( Ø

�©JÑ
äk©l��õ��$L(�, ï
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>p� n-i-p (�nØ�., O�
õ��$
L(�¥z��$L�¤�U?, �Ñ
>Ä$õ

��$LÄ�>�Ç�nØO�úª, ¿?Ø
 
�>Ø!�>Ø!�$L�ê±9Äþµþ�m
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3�â[��S, õ��$L(��Ä�>�Ç�
±�K, =�mË��u�SáÂ, ùéÄu�$
L��â[�ZË�½�â[��ìäkd3
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Theory research of negative dynamic conductivity in
electrically pumped multiple graphene layer

structures with split gates∗
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Abstract
The negative dynamic conductivity of graphene in THz range makes it to be a promise medium in THz radiation and ampli-

fication. This paper proposes electrically pumped multiple graphene layer structures with split gates, sets up the theory model of
electrically induced n-i-p junction, calculates the ac conductivity associated with the interband and intraband transitions under the con-
ditions of population inversion, discusses the bias voltage, gate voltage, number of graphene layers and the momentum relaxation time
dependences of ac conductivity. It is shown that the real part of dynamic conductivity within terahertz range can be negative in certain
conditions, namely, interband radiation is greater than the intraband absorption, which demonstrates the feasibility of taking electrically
pumped multiple graphene layer structures with split gates as an active medium in radiating terahertz coherent source.

Keywords: multiple graphene layer, n-i-p junction, negative conductivity, terahertz radiation
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