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1 Ú ó

�á�´�
äkU,á�¤Øä���~
Ôn5��<óEÜ(�½EÜá�. Pendry �<
é@Ò�OÑ±Ïü��²17á�Úm���
�, ©O¢y
K�0>~êÚK�^�Ç [1,2]. �
����Ú7á��EÜ(�¢y
�Ãá� [3].

THz ªã�á� [4−6] 9ÙA^ [7,8] �®²�2�
ïÄ. �á�´æÅ�±Ï5(�, (�ü��¬
��Ý��u\�Å�, �Ãá�´0>~êÚ
^�ÇÓ��K��á�. �Ãá�(���O
g´Ì�©�>^ÅR�u0�Ä�\�Ú>^
Å²10�Ä�\�ü«�¹, þ�¢yVKA
5. 3�â[ªã�O�Ãá�, �¦(�ü��
¬��Ý��u THz ÅÅ�, \ó°Ý�¦�p,

¤± THz �Ãá��(��OÌ�´3R�\�
�¹e¢yVKA5, X7áá�é [9]!��(
� [10] Ú4Ü��� [11] �V¡(�. 3>^ÅY
²\���¹e, �Ãá�´õ�æU(�, z�
��þÝ��u\�Å�, kÆö3Y²\��¹
e=�OÑäkK^�Ç� THz �á� [12], ù«

á�¿ØU¢yVKA5. ± ü¡�Ãá��ï
ÄÛ�u�ÅÅã [13−15], ¤±3>^ÅY²\�
�¹e�OÑ(�{ü�ü¡ THz �Ãá�kÏ
u THz �Ãá��¢S\óÚ¢��y, é THz

�á��uÐÚA^äk­�¿Â.

;.��Ãá�´m����Ú²17á�
�EÜ(�, m�����^�A¢y
K^�Ç,

²17á���lfN�A¢y
K0>~ê, ù
«(�C½
�Ãá�(��O�Ä�g�. 2006

ckÆö�»~5�K
���, |^c^57á
�
3nØþ¢y
K�ò�Ç [16]. �©l,�
���JÑ
�«#��Og´, �K7á�, Ï
LUCm�����AÛº�Ú/G¢y
K0
>~êÚK^�Ç�­Ü, 3 THz ªã�OÑ�«
ü¡�Ãá�, ¿^ LC ��>´�n)º
Ù>
��Ú^���n. 3ïÄV�Ú^(�L§¥,

uy
V�Ú^(�äk#�A5, §3ØÓªÇ
?Ø=U
¢yK�^�Ç, 
��±¢yK�0
>~ê. 3>^Å²1\�ÚR�\�ü«�¹,

K0>~ê�/¤Ån�Ó. ÏLU?V�Ú^(
�, �OÑ�ü¡�Ãá�äk(�{ü, ´u\
ó, $�Ñ�`:, 
�§´^Ó��(�ü�¢
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y
K0>~êÚK^�Ç, N´*Ð���½n
��Ãá�.

2 V�Ú^(�

2.1 ���///ÚÚÚ^̂̂(((���

�/V�Ú^(�ü�Xã 1(a), Tü�	
��Ý� 50 µ m, 	��>�� 40 µm, Ù¥S	
�¿Y�°Ý� 2 µm, 7á�°Ý� 4 µm, þÝ
� 200 nm, �¡3�. Polyimide þ. |^n�>
^�ý^� CST Microwave Studio éT(�?1
�[�ý, ²¡>^Å÷ x ¶��²1\�, >|
÷ y ¶��, �>|��R��ü�>.���
n�>>. (PEB), �^|��R��ü�>.�
��n�^>. (PMB), ÷X\��� x ¶©O�

��\�à�ÚÑ�à�. >^�ý���Ñ�
ëê�)��Xê S11 Úß�Xê S21, Xã 1(b)

¤«, 3 0.8 THz Ú 1.18 THz NCÑy
DÑB
�, *	(�ü�L¡3 0.8 THz NC�^|©
Ù, r��^��37á�S�)
r����
^| (Xã 1(a) ¤«), é^|k{N�^. V�Ú
^(�Ø´V��É50� [17], �âk�0�n
Ø [18,19], �±rù«(�w�´þ!0�, J��
�0>~êÚ��^�Ç [20](Xã 1(c), (d) ¤«).

3 1.18 THz NC��0>~ê¢Ü�K, 
^�Ç
­�LyÑ
���y�, ^�Ç�KJÜ¿�X
>|Uþ�^|Uþ�=z, ù´d(��k�º
�û½� [21,22]. 3 0.8 THz NC¢y
K�^�
Ç, 
0>~ê­�3 0.8 THz LyÑ
���, 0
>~ê�KJÜ¿�X^|Uþ�>|Uþ�=
z, ù´üK�á�Ak�5�.

ã 1 (a) 0.8 THz L¡^|©Ù; (b) Ñ�ëê; (c) ��0>~ê; (d) ��^�Ç

éu>^Å÷ z ¶R�\���/Ú^(�
L¡�¹, �ý���ß�Xê S21 Xã 2 ¤«.

��5¿�´: �>^Å÷ z R�\��, >|�

�÷ y ¶ØC, 3 1.18 Thz NCÑy
��DÑB
�, 
3 0.8 THz NC¿vkÑyB�, ù´du
3 1.18 THz NC0>~ê�K.ÃØ´R�\��
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´²1\�, >|4z��þ� y ��, ¿�3Ó
���ªÇ:Ñy
DÑB�, ��rÝ�´�Ó
�, ù`²3ùü«�¹eK0>~ê�/¤Ån
���Ó, Ñ�±��� LC ��. ,	, du>^
ÅDÂ��ØÓ, K0>~êªã��°�k�É.

ã 2 R�\�Ú²1\���/Ú^(��ß�Xê

2.2 ���///ÚÚÚ^̂̂(((���

�/V�Ú^(�ü�Xã 3(a) ¤«,	��
�»� 20 µm, Ù¦(�ëê�±ØC. Xã 3(b)

¤«, ��^�Ç3 0.93 THz NC�K, 37á�
S�)
��aA^|, é\�^|kr��{N
�^, 
��0>~ê3 1.48 THz NC�K. é'
ã 1(a) Úã 3(a) �±wÑ, �Óº��(�ü�,

�/Ú^(�éA�¥%��ªÇ'�/(��
p, �/Ú^(��±¢y(��.z, 3�Ó�
�ªÇ�, �±r(�����. Ó�, Xã 4 ¤«,

3>^ÅR�\�Ú²1\��ü«�¹e, �/
Ú^(�Ñ3 1.48 THz NCÑy
>��, �±¢
yK0>~ê.

3 #.ü¡�Ãá�

3.1 ###...üüü¡¡¡���ÃÃÃááá������OOO���nnn

V�Ú^(��K0>~êÚK^�Ç¿Ø
­Ü, XJ¦ùü���ª:­Ü, Ò�±¢yü
¡�Ãá�. Xã 3(a), òS�Øä �, ��rS
�^��7á���O, dd�±�O�«#.(
� —– Vm���� (Xã 5(a) ¤«). ã 5(b), (c),

(d) ©O�Ñ
ù«#.(��Ñ�Xê±9dÑ
�XêJ����0>~êÚ��^�Ç. lã¥

�±wÑ, Vm����3 0.65 THz Ú 1.16 THz N
CÑy
ü�DÑB�, ��0>~ê3 0.65 THz

NC�K, ��^�Ç3 1.16 THz NC�K. �V
�Ú^(����ëê�', üö3DÑA5þä
k�q5.

ã 3 (a) �/V�Ú^(�L¡^|©Ù; (b) ¢�L«
��0>~ê�¢Ü, J�L«��^�Ç�¢Ü

ã 4 R�\�Ú²1\���/Ú^(��ß�Xê

±eïÄK0>~êÚK^�Ç�/¤Ån,

3ü���:?, ©O*	(�ü�L¡�^|©
ÙÚ>6©Ù, ^ LC ��>´5)ºVm���
��)Vª:����Ï.
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ã 5 (a) Vm�����° w = 4 µm, ��» r = 18 µm, ¿° g = 2 µm, 7á�þÝ t1 = 200 nm, �.� polyimide; (b) V
m�����Ñ�ëê; (c) ��0>~ê; (d) ��^�Ç

ã 6 (a) Vm����3ªÇ 1.16 THz �L¡^|©Ùã; (b) Vm����^����>´

3 1.16 THz NC, Vm����/¤�/>6
£´, �±��¤Ú��, �S�)r����^
|Xã 6(a) ¤«, du��aA^|�u\�>^
Å^|, ¤±(�ü��o^Ïþ�K, ��^�
Ç�K. (�L¡�>6Ì�©Ù3����±�,


¥mî:K��±�Ñ. ã 6(b) �Ñ
^���
�>´, L0 Ú C0 ©O������>aÚm�>
N, ^��ªÇ�

fm =
1

2π
√

L0C0

. (1)
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3 0.65 THz NC, >|Úå7á��)£´>
6Xã 7(a) ¤«, duVm����Qäk>N
5Ü©qäk>aÜ©, >´u)
 LC ��, �
�«����0>~ê�K. >����>´X
ã 7(b) ¤«, /¤þeº�é¡�ü�>6£´,

duº�é¡�ü�£´�>66���, ���
�o^Ïþ�". ¥mî:��u>a L1, ò��
��©��, /¤þ!eü�£´, Ïd¥mî:
ØU�Ä, XJ�Ä, ÒØU¦¥mî:7á�L
¡>6©6/¤þ!eü�£´. >����>´
�o>a Le Úo>N Ce ©O�

Le = 0.5L0 + L1, (2)

Ce = 2C0. (3)

ã 7 (a) Vm����3ªÇ 0.65 THz �L¡>6©Ù
ã; (b) Vm����>����>´

�>��ªÇ�

fe =
1

2π
√

LeCe

=
1

2π
√

(0.5L0 + L1)(2C0)
, (4)

Ù¥ L1 L«¥mî:Úå�>a. '� (1) ª
Ú (4) ª, w,k fe < fm, ù«(�´dV�Ú^
(�U?
5�, 3DÑA5þäk�q5, dd
���´{ü�UCV�Ú^(��º�, XS	
��»!¿°!7á�°Ý½�.þÝ, ØU¦ü
���:­Ü.�
¦Vm�����ü���:
­Ü, I��± fm ØC, Ó�O� fe, =~�>�
��o>N. du¥mî:é^���K��±�
Ñ, 3¥mî:þm��¿Y (Xã 8 ¤«), ù�O
\�#>N C1 Ø¬UC^��, �¬UC>��.

U?�Vm�����o>a Le ØC, o>N�

Cs =
1

1/(2C0) + 1/C1
. (5)

d�>��ªÇ�

fe =
1

2π
√

LeCs

=
1
2π

√
1

(0.5L0 + L1)Cs
. (6)

ã 8 3Vm����¥mî:þm��[¿, /¤��
#>N C1

du (5) Ú (6) ª��, UC¥mî:>N C1,

=´3N!>��ªÇ, Ò�±¢yK0>~êÚ
K^�Ç�­Ü, ���ÃA5. ÏL�ý`z, -
¥mî:¿Y�°Ý g1 = 0.3 µm, Ù§ëê�±
ØC, >^�ý(JXã 9(a) ¤«. �ã 5(b) �',

3ªÇ 1.16 THz NC, ß�Xê S21 ²wO�, �
�Xê S11 ü$. dã 9(b) ��ò�Ç!0>~ê
Ú^�Ç�¢Ü3 1.07—1.18 THz Ó��K, ¢y

�ÃA5, �°� 0.11 THz, �du�ÃÏ��
�Ñ'mÃÏ���Ñ�, ¤±DÑ­� S21 3�
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ÃÏ�«�Ly�]�, ¿�DÑB�.

ã 9 (a) ü¡�Ãá��Ñ�Xê; (b) ü¡�Ãá��
ò�Ç!��0>~êÚ^�Ç�¢Ü

3.2 ¬¬¬���ÏÏÏêêê

�Ãá���Ñ��'�p, ù´��Ùu
Ð�­�Ï�. ±e�Äù«#.ü¡�Ãá�
�¬�Ïê F = |n′/n′′|, §´ïþ>^�Ñ�­
�IO. ã 10 �Ñ
3�ÃªãS¬��Ý a Ú
�° w é¬�Ïê�K�. 3�Ãªã¬�� a

l 50 µm O\� 56 µm, ü$
��(�ü��Í
Ü�^, �Ãá��ß�ÇO\, >^Å�DÑ�
Ñü$, ¬�ÏêO\. 7á�° w l 4 µm O\
� 6 µm, ¬�Ï��²w,p, 3 1.01 THz ¬�Ï
ê���p 11.5, ù3 THz ªã��Ãá�¥´�

p� [11,23]. ����Ãá�´d�¡3ØÓÄ�
þ�>��ìÚ^��ì|Ü
¤�EÜ(�, �
>^Å3EÜ(�¥DÂ�, uÄ�üý�>�
�ìÚ^��ì¬u)ÍÜ, O�
>^�Ñ, 

·��O�ü¡�Ãá�(�{ü, �Ñ$, U

Ó�¢yK0>~êÚK^�Ç. Xã 10 ¤«, �
X7á�°Ú¬��Ý�O\, �Ãªã�$ª�
�£Ä, é(�ëê?1N�, �±��¤Iü¡
�Ãá�.

ã 10 3�ÃªãS¬��Ý a Ú�° w é¬�Ïê�
K�

4 ( Ø

�©�â��0�nØ, òV�Ú^(���
¤þ!0�, ©Oé�/Ú�/Ú^(�?1>^
�ý, uyV�Ú^(�3ØÓ��:©O¢y

K^�ÇÚK0>~ê, ÏLU?V�Ú^(�,

3 THz ªã�OÑ�«Vm����, ù«#.(
��V�Ú^(�äk�q5, U
3ØÓ��:
¢yK0>~êÚK^�Ç, Ó�|^ LC ��>
´)º
>��Ú^����Ï, ÏLéVm��
���ý`z, ¢y
K^�ÇÚK0>~êVª
:�­Ü, �OÑ�«#.ü¡�Ãá�. �ÊÏ
EÜ(��', ù«#.ü¡�Ãá�äk$�Ñ,

(�{ü, ´u\ó�`:, �äk¢^5.
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Design and simulation of a single-sided left-handed
material in THz regime∗

Li Jun-Cheng† Guo Li-Xin Liu Song-Hua

( School of Science, Xidian University, Xi’an 710071, China )

( Received 23 August 2011; revised manuscript received 3 October 2011 )

Abstract

By retrieving the constitutive effective parameters of bifilar spiral structure, it is proved that its permittivity and permeability

are negative at different frequencies. With the electromagnetic waves incidence in the direction either perpendicular or parallel to

the surface of bifilar spiral structure, it is found that the causes of negative permittivity are the same. Previously the investigation of

single-sided left-handed materials was limited to microwave band. Through modifying bifilar spiral metamaterials, we design a new

single-sided left-handed material in the terahertz regime and the design principle is explained with an LC equivalent circuit. The

left-handed material generally consists of electric and magnetic resonators etched on each side of the dielectric substrate respectively

Compared with these composite structures, the new single-sided left-handed material has the advantages of low loss, simple structure

and easy operating

Keywords: spiral structure, left-handed material, negative permeability, negative permittivity

PACS: 41.20.Jb, 42.25.Bs, 78.20.Ci
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