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^p{7���1Æ��´�â[XÚp~^�ì�, �´Ùp� 3.42 ��éò�Ç¤Úå�{|��î
K�
�â[XÚ�õÇ, ÏdïÄ<
}Á
�«����ª3p{7L¡Ûþk��Oß�. 3�â[Åã,

"yÜ·�á�´OßïÄ¥�I)û����¯K. 0��«(�#L�7á�Oßì� —– n�1f��
1». �ÊÏp{7¡�', �(�±Ï� 15 µm �, Tì�3 0.2—7.3 THz ��Sé�â[Åäk²w�Oß
�^, �CX
�Ü©�â[Åã. d	, Tì��¦^ØÉ�â[ �����, ·^u�\���/, ¿äkp
� 116.3%��é 3 dB �°.

'�c: �â[, °�, Oß, 1»

PACS: 84.40.−x, 78.67.Pt, 78.67.−n

1 Ú ó

31ÌÆ¥ü$��Çéu~�Z�ÚO�
ÑÑäk�¿Â. OßEâ3��1��S�u
Ð®?\�©¤Ù��ã, ,3�â[ÅãT
Eâ�?uÏéÜ·á�9¢y�ã. ±p{7
ù«á��~, Ï�Ù3���â[ÅãPkpß
LÇÚ$ÚÑ�`:, ¤±�2�A^u*	I!
ÈÅì!©1º��â[ì�þ. �dÓ�, Ùp
ò�Ç%�5�~���r��Ñ. ��ó, �
â[XÚ�õÇØp, Ïdü$�ÑéuJp��
XÚ�Ä���Ú1Ì©EÇåXÞv���
^. 3p{7þÛOß�U
k�/ü$�r�
�Ñ, ~^�OßEâ�)±eA«: �´ü�Z
��O [1,2]. ù«�Oæ^�{ü�o©��Å�
���n, 3p{7þÛþ��þÝ�¥%Å�o
©�����, �����éò�Ç�p{7�
éò�Ç�²��. ,3�â[Åãvk��·
Ü�����á�, ÏdoN�Oß�JÚ�°¿
Øn�. �´�~^�7ááÂ�O [3−5]. Ù�n

´|^7á?��ò�â[��Å/���¸á
ÂK. ù«�{�,�±��Jp1Ì©EÇ�8
�, �´Ó�ü$
Ì¸�¸�, ¤±A^d�Ø
p. n´C5��9��L¡2H�O [6−10]. ù
«�OÏL3p{7�L¡?1��½@¡5¢
yæÅ��L¡2H(�. du�â[Å�0u
B��Î��m, XJ$^��N\óEâ, @o
����6§ò¬Ñ¤éõ�m, XJ$^Î��
�EâqéJ����?�A�º�. Ïdù«�
O�,'cü«�{k�, �E,�3�°�Û�
5. �#��«B��Oß�OÒ��|^
B�
\óEâ, 37�L¡@¡Ñ 1.6 µm p��G(
� [11]. �,¢�L²ÙOß�k��°l��1
��ò���â[Åã, �ÉÙpÝ��, �â[
Åã�Oß�J¿Ø-<÷¿. Ød�	, ���
J�´�á�3Cc��$^�Oß�Oþ [12,13].

ØLy�ã�á��Oß�°�U�� 1—2 THz,

¤±ÙA^��k�. ���«Oß�{´õ��
O [14,15]. nØþ, XJ37�L¡Ûþõ��éò
�Ç0u7��í�m�á�ÒU��Oß�J.
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ïÄ<
®²¤õ/3÷þ$^ù«�O, ØL�
â[Åãá��"y%¦ÙÃ{37þ¢y. �©
ò0��«#.�õ�Oß�O. ù«�{Ø=U

^u�)7�õ«Ä�á�þ, ��±·^u
ØÓ�Åã.

2 �O�n9�[(J

�òØÓò�Ç�ü�0��m��r��
Ñ~��", I���PkìCò�Ç�(�. d
uy¢¥Ø�3ÎÜ^��(�, ·�$^äk�
Cò�Ç�Oß��nØ [16] 5��Ñ�«õU
Cq�(�. Äk|^��ò�Ç (1, �í) Ú�
�ò�Ç (3.42, 7) O�ÑëY�pd©Ùã, ,
�^lÑz�{��õ��¡��ò�ÇÚéA
��éÅ� (=DÂ1�Å��ü Å��') þ
Ý. ã 1(a) «Ñ
n�!Ê�ÚÔ�(��éuü
 Å���O��Ç�[(J. c[*	�±wÑ,

y©��¡�ê�õOß�J�Ð.

�
�²(/
)ù«�O±9�B�Ù¦
�O�'�, ã 1(b) ¥, ·�òî�Il�éÅ�
�¤ªÇ. lã 1(b) �±wÑ, �X�¡�ê�O
\, Oß�°���O�.

3�â[Åã, ò�Ç0u�í�7�m�·
^á��~k�. 3¢�¥, ·�37¥�¡ØÓ
�Ý��íÎ, ±dN!�í�7�'Ç, l¢
yz�¤I�k�ò�Ç. 3ÊÏ�1»¥, ��
^7��Ä��±Ï5��á�. 3�©¤�O�
ì�¥, ·�^�íÎ��Ä��±Ï5��á�,

7^5W¿ù
Ä����m��m, Ïd·�
¡ù«#.�O�n�1f��1». ã 2 Ð«

lìC(�!õ���(�!üá��¡(��
n�1f��1»��OüCL§. ìC(�´�
n���O, ØLÉ��ó²Úá����, y�
ã�Ã{¢y. õ���(�®²3��1Åã¢
y, �´�â[Åãdu"yÜ·�á��?un

Ø�ã. üá��¡(�aqu�D9�7i©,

�n�1f��1»�', Ùº�3��L§¥�
J��, lK�ÙOß�J. ¤±, ·��ªÀJ

n�1f��1»��O.

ã 1 (��O©O�n�!Ê�!Ô��n�1f��1
»��[��Ç (a) ��Ç��éÅ��Cz; (b) ��Ç�
ªÇ�Cz

lã 1(b) ��, Ê�ÚÔ�(��°��J'
n�(���wÍ. ��X�ê�O\, �¡ó²
�JÝ���,p. �Ä�����15, ·��
ªÀJ
n�(�. Tn�ì��oþÝÚü Å
���, Oß©Ù�ì�(�oþÝ�CzUC.

Tn�(�ì�3�\�����Ç�±^D4
Ý
�{O��Ñ.

ã 2 lìC(�!õ���(�!üá��¡(��n�1f��1»��OüCL§
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z���±^��DÑÝ
 P (t) L«, z
ü����.¡�±^��ß�Ý
 T (t) L«.

o�ß�Ý
 M dù
Ý
�¦�,

M = P(0)

4∏
i=1

T(i−1)P(i). (1)

òß�Ý
 M =��Ñ�Ý
 S Ò�¦���'
Úß�'. ã 3 �[
n�(�oþÝ©O� 20,

28, 36 µm �ì�3�\��Ýe���Ç [17].

ã 3 (�oþÝ©O� 20, 28, 36 µm �n�1f��
1»��[��Ç

A^aq>Nì�úª [18] í�, z�(��
k�ò�Ç�

n =

√
n2

Siα

n2
Siα + 1 − α

+ n2
Si(1 − α), (2)

ª¥ nSi �7�ò�Ç, α L«,��¥�íÎW
¿Xê�²��. 3TOßì���OL§¥, ±
eü�ëê�~�: ��´ì��þÝ, §�9
Oß�¥%ªÇ; ,��´ì��(�±Ï Λ, §
�9�û�A5. 3·�¤�O�ì�¥, �Ù±
Ï Λ � 20 Ú 15 µm �, Ùû�4�©O��� 6

Ú 8 THz. XÀJì�þÝ� 20 µm, Ù3 2—6 THz

��Sì����'Uü� 5%±e. Tn�(�
ì���OëêXL 1 ¤�.

L 1 ±Ï� 20 Ú 15 µm �n�1f��1»��Oëê

(�� �í 1 2 3 7

ò�Ç 1.00 1.55 2.25 2.95 3.42

(��pÝ /µm 8.9 6.3 4.8

Ó�' /% 100.00 77.44 42.25 10.89 0.00

1»º� (Λ = 20 µm)/µm 17.6 13.0 6.6

1»º� (Λ = 15 µm)/µm 13.2 9.7 4.9

3 ì���95Uµd

3�©¤�O�n�1f��1»���L
§¥, Äk¦^b	1�5/¤1��Mù�. 1
��Mù�ò¬3�¡��X��¡L§¥��
�o�. �
3n�(�þ���p�pî', ·
�æ^��Alf�¡Eâé7?1�¡. ì�²
<âÚ�¡L§Äk37¡��.�m©, ,�l
.��þEüg. d	, 3��L§¥��Ñ¬
ÏLIP5éO, ±�y�íÎ�O( �. n�
1f��1»3×£>fw�º (SEM) e�:À
ãÚoN�O��Xã 4 ¤«.

ã 4 ÏL SEM ���þÝ� 20 µm, ±Ï� 15 µm ì
��:ÀãÚoN�O��ã

3ì��¤�, ·�æ^�â[Å�í>l�
Z&ÿ{ [19,20] 5µ�þÝ� 20 µm �ü±Oß
ì��þ. TXÚ��°� 0.2—10 THz. dup{
7¬¡3�â[ÅãáÂXêé�, \�Å3Oß
ì��L¡¬���!ß�ÚÑ�K. �
���
��*�¢�(J, ·�ò�����p{7¬¡
��ë�.

Äk, ÿþn�1f��1»���Ç. lë
�7¡!±Ï©O� 20 Ú 15 µm �Oßì�þ
��Ñ5��â[��Å/Xã 5(a) ¤«. ü±
Oßì�þ���Å�Ì�'ë�7¡þ���
Å�Ì�éõ, ù�N
OßìwÍ�|���
J. ò��Å/ÏLFp�C�, �±O�Ñü±
Oßì���ÇªÌ, (JXã 5(b) ¤«. ��p
{7¡3�â[Åã���Ç�� 30%. ÏLì
��|���^, 3 2.2—5.5 THz ����Ç~�
� 5%±e.

Ùg, ·�ÿþ
�â[Åß� (="�û�)

A5, ¿ÏL©Û¢�(J� Ð/n )
n�1f
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ã 5 Oßì�����â[��Å/Ú��ÇªÌ (a)

ë�7¡!±Ï©O� 20, 15 µm Oßì�����â[
��Å/; (b) ±Ï©O� 20, 15 µm �Oßì����Ç
ªÌ

��1»�ß�Úû�A5. ã 6(a) w«
lë
�7¡!±Ï©O� 20 Ú 15 µm �Oßì�þß
���â[��Å�Å/. ÏLü�ì��C��
�â[¸�ÌÝ�N
ß�Ç�Or. �
�Ð
/'�ªÇéOß�J�K�, ·�ÏLé�AÅ
/¦^Fp�1ÌC�¿�ë�7¡8�z��
ùü�ì���é|ß�ÇªÌ, Xã 6(b) ¤«.

ü«ì���[©Û(J^J��«uã 6(b) ¥.

�é|ß�Ç�nØ��±^Oßì�7¡�ß
�Xê'�²��O��� [21]. ���{��â
[ÅãOßì� (��Ç� 0%), Ù�é|ß�Ç
� 1.1947. 3vku)û���¹e, ¢�(J�
�[(JÎÜéÐ. ��â[Å��Cì�(�±
Ï�êþ?�, Ò¬�)û�. ù¬��ß�Çe
ü, Xã 6(b) ¤«. ��û��)�Å��±�â
±eúª�Ñ:

λ = ΛnSi, (3)

ª¥ λ ´�â[Å� [22]. éu±Ï� 20 µm �ì
�, û�u)3 4.3 THz NC; éu±Ï� 15 µm

�ì�, û�K��u)3 5.8 THz ?. �ªÇO
\�û�K�±þ�, û�Ì�
ß�. ¤±é
u±Ï� 20 Ú 15 µm �Oßì�, ÙOß�^©
O3 5.9 Ú 7.3 THz ?ª�. éu±Ï©O� 20

Ú 15 µm �Oßì�, dúª (3) O�Ñ�û�
K�©O� 5.7 Ú 7.1 THz, ù�¢�*	��û
��¹�Î. ,	, Oßì�� 3 dB �°CX�
�� 1.4—6 THz, Ù¥%ªÇ fc = (fL + fH)/2

� 3.7 THz. Ïdd δf/fc (½��é 3 dB �°�
� 116.2%.

ã 6 Oßì�ß���â[��Å/Ú�éß�Çª
Ì (a) ë�7¡!±Ï©O� 20, 15 µm Oßì�ß�
��â[��Å/; (b) ±Ï©O� 20, 15 µm �Oßì
���éß�Ç9Ù�[(J

3¢SA^¥, ��Oßì��Oß�JXJ
ØÉ ���Ú\��Ý���, @o§�^åò
��2�. �
�é�¡/ïÄn�1f��1»,

·�AOÿþ
 ���Ú\��ÝéÙß�õ
U�K�. �©±±Ï� 15 µm �ì�3¥%ªÇ
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ã 7 ±Ï� 15 µm �ì�3¥%ªÇ 3.7 THz ?Ù�
 �± 45◦ Ú�3 0◦—360◦ ��S��é|ß�ÇÚ
\��± 10◦ Ú�3 0◦—50◦ ��S��é|ß�Ç

� 3.7 THz ��é|ß�Ç�ÿþ8I, ã 7 �Ñ
�¢�êâw«
�é|ß�Ç3 0◦—360◦ � 
���S�Cz. c[*	�±uy, ß�Ç�C
z3 2%±e, ùy²
Oßì��J¿ØÉ �
���K�. �X, ·�^aq��{3 0◦—50◦ \
��ÿþ
�é|ß�Ç�Cz, ¤�(J�«u

ã 7. lã 7 �±wÑ, 3\���u 30◦ ��¹
e, ß�Ç�~�
 1.7%. ��\��UYO��,

ß�ÇÑy
²w�eüª³.

4 ( Ø

�©�O!�E¿µ�
�«n�1f��
1», §U3 0.2—7.3 THz ÅãSk�/~�7�
�í.¡¥�)���. ù´·�¤���Óa.
ïÄ¥¤������°, ¿�(�±Ï� 15 µm

�ì�k 4.7 THz � 3 dB Oß�°. TOßì�
� �A5Ã'�Pké��\����, Ïd�
±^u�â[XÚ¥��a1Æì�. ì��oþ
Ý (20 µm) '�â[�Å��éõ, Ù�|;n�
A5·^u�Ü©�â[XÚ. ��Tì�¤�9
��ó²´IO���N�Eó², ¤±���m
á!¤¬��5p�¤��$. d	, n�1f�
�1»��Oäkép�(¹5, §Q�±^7±
	�Ù¦��Ná�5�E, ��±ÏLN�(�
±Ï^�Ù¦Å��Oßì�.
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Abstract

High resistivity silicon is a very common optical component in a terahertz system. However, its high relative refractive index of

3.42 causes a large impedance mismatch at the silicon-to-air interface. This severely reduces the available power in a terahertz system

which motivates researchers to find a good anti-reflection solution. In the terahertz region, the lack of proper materials for broadband

anti-reflection severely hinders such a research development. A photonic grating with graded refractive indices is demonstrated on

silicon. Compared wich the case of planar silicon wafer, the transmission is observed to increase from 0.2 THz to over 7.3 THz for a

device with 15 µm period, which covers most of the terahertz band. With a striking relative 3 dB bandwidth of 116.3%, the device is

polarization-independent and can be used under a wide incidence angle.

Keywords: terahertz, broadband, antireflection, photonic grating

PACS: 84.40.−x, 78.67.Pt, 78.67.−n

* Project supported by the National Science Foundation of United States (Grant No. 0333314) and the United States Department of Energy Service

(Grant No. DE-FG02-06ER46347).

† E-mail: zhangxc@rpi.edu

088401-6


