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ÄuIþû�nØ?Ø
^ X ��g| ð�ß�1»�A5¿�O
1»�(�ëê. æ^�E1�Ú�
{@¡Eâ, ¤õ��
±Ï 1 µm!Ó�' 0.1—0.2!p°'� 100!»�þÝ 10 µm!k�¡È'� 65%�g
| ð�ß�1». ü�º�� 15mm×15mm �7ý�Nþ¹ko� 5 mm × 5 mm �g| ð�ß�1»I�.

3I[ÓÚË�¢�¿uÿ
T1»3 5—50 nm Å���S�û��Ç. Å�×£ÿþ(JL², ð��A²w
/u)3aqº¡�1»ý9º¡����þ, ð�?g �9ÙA��IþnØýÿ���. û��Ç�¢ÿ(
JÄ��nØ�[ÎÜ, �´Ï1»(�þ�"��¦û��Ç $, ¸��knØ�� 38%—49%. ¢�(Jy²

ð�ß�1»�VgÚ�{��ó²��15.

'�c: g| ß�1», ð��A, �E1�, ��É5@¡

PACS: 07.85.Fv, 42.79.Dj, 42.82.Cr, 52.77.Bn

1 Ú ó

^ X ��ß�1»���«­�ÚÑ��,

®�2�A^uU©Ôn!-1.5�åàC
� + �. � 
 J p ß � 1 » � Ú Ñ U å 9 û �
� Ç, p � � Ý g |   7 ß � 1 » ± 9 g |  
  � . 7 ß � 1 » C c 5 u Ð × �, ¿ � ® �
�2��A^. ,
, �Ð\�ð���1»�
', ß�1»û��Ç$éõ, �Ì.ß�1»
� 1 ?û��Ç� 10%,  �.ß�1»�é
�½Å�, Ù 1 ?û��Ç�p� 20%. �âI
S X ��U©� (International X-ray Observatory,

IXO) �O¥� X ��1»Ì¤��Æ8I�¦:

3 0.3—1.0 keV �^ X ��Ú4b	Uþ��
S, Ì�©EÇ (λ/∆λ) 3000 (FWHM); ��k�¡
È > 1000 cm2, Ù5U����±c�pUU©
¥( [1]. ^u IXO ¥� X ��1»Ì¤, 8c�

3ïÄ¥�Eâ´�kü« [2], =�@mÐïÄ
�¡ lSC���1» (off-plane reflection grat-

ing, OPG) Ì¤ [3−5] ÚCAcâm©ïÄ��.
�ß�1» (critical-angle transmission (CAT) grat-

ing) Ì¤ [6−8]. �.�ß�1»Ì¤´{Iæ�n
óÆ��mB�Eâ¢�¿� Heilmann Ú Schat-

tenburg JÑ��«#.�ß�1»Ì¤, §´±
a�.pUß�1»Ì¤�Ä:, ÙØ%1Æ�
�´pû��Çð�� X ��ß�1». �.
�ß�1»q¡ð�ß�1» (blazed transmission

grating), §8¥
ß�Ú��1»�`:, Ó�
;�§�":, X­þ4�!Ä��\�1R�

¡È�!²�ÝÚO�Ý°NÝ�!é �
Ø¯a (TE Ú TM mû��Ç�É ¿ 1%)!û
��Ç�p� 50%. ¦^L§¥ÏL^=1»U
C\��, �±UCUþ3�û�?gþ�©Ù,

éA½1»(�¢y=kð�?g�ü?û�.

UC1»(�9\��Ý, ��±¢ypU X �
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�3p?g�ð�, Jpß�1»1Ì¤�©E
�+.

ð�ß�1»k�UA^uéõ+�, XU©
Æ¥� X ��ÌÆ"�º, X ����¤�A^
Ú1»Z�¤¥�p�Çß�1». ð�ß�1»
��Ong�±éN´/^u�5Å�¡�^ X

��à������, NNA^�p?g�:l

äk�p�©EÚ�Ç. °�p�Ç¦�ü¬ð
�ß�1»U
·^u�°�Å���, ù��1
»�NU
O�eZÄ�õ����. o�, °�
p��ð�ß�1»�Ñy�^ X ��Ú4b	
1Æ��Ú¤ì�m
�#��O�m. =kð
�?g�ü?û�9¢ypU X ��3p?g�
ð�, Jpß�1»1Ì¤�©E�+�A5, ÷
v X ��UÌ©Eépû��Ç X ��ß�1»
�I¦, é ICF �+�¥�lfN�ääk­�¿
Â. 3 863–804 ]Ïe, ·�u 2009 c 6 �m©

^ X ��g| ð�ß�1»ïÄó�. �©�Ñ
g| ð�ß�1»��O!��ÚÓÚË�û
��Çuÿ�ÐÚ(J, �'ó�I�?�Ú&¢
�õ. Äk, lnØþ©Û
g| ð�ß�1»
�A5; ,�, |^�E1�Ú�{@¡, ��Ñ±
Ï 1 µm!»�þÝ 10 µm!Ó°' 0.1—0.2, p°
' ∼ 100, ¡È 5 mm × 5 mm!k�¡È' 65%�
g| ð�ß�1»; ��, 3I[ÓÚË�¢�
¿Ë�IO�Oþ�Õÿþ
1»3 5—50 nm Å

ã�û��Ç, ¿òÿþ(J�nØ�?1
'�
�©Û.

2 1»�(�ëê�O

ð�ß�1»´dg| �A��zB�°
Ý!�p°'Ú1wý9�1»�^9��±Ï
�| (�|¤, � X ��±���Ý α \��1
»�^ý9, �� α �u�	����.� θc(λ),

@o X ��Ò¬31»ý9u)���. 3÷
v α < θc(λ) ^��°�� λ ¥, p�Ç�æ�.
���Ú1»û�^�ÑU÷v. ù«#.1»
�O¥, 1»�^ý9¿�ð��¡, »�°Ý¦
�U�±~�áÂ½�N X ��, 1»ý9�7
v
1w±�Ñ���. éu^ X ��, ;.� θc

3 1◦—5◦. 3ð�ß�1»¥, X ��ÏL»^�
m��YDÑ, ��û��1§�d�p°'!�
1w1»�^ý9�Ð\����)�. ¾wå5
ð�ß�1»Ð�´��ß�Ú��ª�·,1
», �lÙû�A:��ÙE��«ß�ª1»,

Ï� 0 ?BL1»L¡, 3º¡����þÃ 0 ?.

|^1»�^1w�ý9���´��ð��Ã
ã, �û�?g�1»�¡�º¡��­Ü�=Ñ
yû��ÇOr�ð�, 0 ?,�ý�û��r�
/³�, Xã 1 ¤«.

ã 1 g| ð�ß�1»�¡«¿ã
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�éã 1, 1»�§�
mλ

p
= sin α − sinβm, (1)

ª¥ m = 0,−1,−2, · · · �
¦� βm é�� m Ú
^ X �����, 1»±ÏI�3Az nm ½��
þ?. d1»�§�±N´/¦Ñ�û�?g�
��, �ØU���û�?g�û�rÝ©Ù. ¯
¤±�, 3IþÄ�¿Åû�nØ�ÅFÙ¤Cq
¥, £ã?¿��1»û�rÝ©Ù�¼ê´dü
�Ïf|¤, =ü¿û�ÏfÚ¿mZ�Ïf. ¿
mZ�Ïfq�õ1åZ�Ïf, �Ñû�¸�
 �. §=�ûu1»±Ï p, \�1Å� λ, \�
1Ú1»{�Y� α(�A�û��� β) Ú1»
¿ê N

Ig(λ, p, α, β,N) =
[

sinNg

N sin g

]2

, (2)

g =
pπ

λ
(sinα + sinβ). (3)

ü¿û�Ïf�N
ü�d¿�\�1Å�
�^

Is(λ, α, β, a, ε) =
[
sin f

f

]2

, (4)

f =
aπ

λ
(sin((α + ε) − sin(β + ε)), (5)

ª¥ ε ´1»�ý9º¡�1»{�mY�, a ´
»�mål. ·�b½?\1»�^�md¿�¤
k1åÑ�1wý9���g, =

d| tanα| = a. (6)

dã 1 ��, ð�ýÏu)3 β = α ?, ð�?
g m Kdeª(½:

|m| =
2p

λ
sinα. (7)

éu�½�\��, �Å�ð�3$û�?g, �
�½,.

o�nØû�rÝ�

I(λ, p, α, β,N, a, ε,R) = IgIsR(a/p)2, (8)

ª¥ R �ý9��Ç. ù�{ü�.�(/£ã

û�¸� �!N�d¿rÝ¼ê�¸ �Ú°
Ý, �Ñû��Ç���Ün�[. �,éu1å
��ßL (�1»{�Y��") ½õu�g��

�û��Ç�O¬C�vk¿Â, Ïd�ØáuA
½�ð�ß�1»�Æ
. ·�w�1»�Iþn
Ø´���{'!�*!Ôn¿Â²(��«�
{, ��°(�û��Ç�[�±^î��ÍÜÅ
©Û (RCWA) ¼� [9].

g |   ð � ß � 1 » ë ê Ì � ´ ± Ï !
Ó°'!á�!\��Ú»�pÝ (�ü��
� ­ �). � â Ü � Ó Ú Ë � 1 
 ÿ þ ^ �, �
é 5—10 nm ^ X ��Åã, �O(½1»(�
ëê: 1»��Ý 1000 line/mm 9 2000 line/mm;

g |   ß � 1 », Ã � ., p ° ' > 100; 1
» ó � U «: � � Ý 1000 line/mm:10—300 eV;

� � Ý 2000 line/mm:30—600 eV. � � � Ý �
� 3333 line/mm �, pUÜ©�±*Ð� ∼ 1 keV.

�up��Ý!p�°'1»��JÝ�, Äk?
1�é�±Ï (1 µm) ��.g| ð�ß�1»
�¬ï�, �.1»���8�´&¢�{��ó
²��15ÚÏL X ��ÿÁ�yÙð�A5, �
����±ÏÚ¢^�^ X ��g| ð�ß�
1»�ej¢�Ä:.

3 ð�ß�1»���

^ X ��g| ð�ß�1»���ó²æ
^ MIT �mB�Eâ¢�¿ Heilmann Ú Schatten-

burg ïÄ|�Eâ´� [10,11]. �{@¡��ó²
�Ä:Ò´|^ 〈110〉 7¡� {110} Ú {111} ��
É5@¡, Ù�Ló²6§�©�o�Ì�Ú½,

=�¡ã/1�!�¡ã/1�Ú@¡!�¡ã
/@¡Ú��.ZH, Xã 2 ¤«.

���¤�g| ð�ß�1» SEM ì¡
Xã 3 ¤«. ã 3(a) ´1»¢Ôì¡, 1»d 4

� 5 mm × 5 mm f1»ü�|¤; (b) ´1»��
L§¥����¡ì¡, Uk�/w«1»�¡A
�ëê. ã¥1»�^pÝ� 10 µm, �\���ì
¡w«»�ºà°� 100 nm!»�.à� 164 nm;

(c) Ú (d) ´g| ð�ß�1»���¤���
¡Ú�¡1»Ú| (�ì¡, »�ºà²þ°
� 108 nm, .à²þ°� 153 nm; 1»| (�±
Ï� 60 µm, ºà°� 4.5 µm, .à°� 21 µm, 1
»m� (ß1) ¡È� 65%.
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ã 2 g| ß�ð�1»�{��ó²6§ (a) 〈110〉 7ý�N7¡�.O�; (b) �È SiN Ú Cr; (c) | (�1���Ú
@¡ Cr; (d) �E1���1»ù�; (e) ~��Ú SiN �¡; (f) 1��Ú~����Ø; (g) æÙ PMMA �o1»ù�; (h) �
¡æ�91�; (i) �¡�z79�Ø1��!PMMA; (j) �¡æþ�o� Pro TEK; (k) KOH @¡� SiO2 ���; (l) �Ø Pro

TEK �o�!Cr Ú1»� KOH @¡� SiO2 ���; (m) HF @¡ KOH @¡ SiO2 ���!SiN, CO2 �.:ZH

4 uÿ(J�?Ø

�
�yï��1»5U, ·�3I[ÓÚ
Ë�¢�¿1ÌË�IO�Oþ¢�Õþ?1

1»û��Ç�uÿ, uÿ�{�©z [12] �Ó,

uÿC�«¿ãXã 4 ¤«. 1»SC3ÿ�¤
¥%, \�� α ´ÓÚË�1å�1»{��Y
�, &ÿì �½�Ýl"?m©Öê (7.9◦). é±
Ï 1 µm ��.g| ð�ß�1»�¬�&ÿì
×£��� 5—50 nm. ã 5 w«Ù¥ 2 �Å�þ
�×£(J, ã 5(a) ´ 30 nm Å��1± α = 4.7◦

\�1», &ÿì¤uÿ��û�rÝã; ã¥

�±²w�w� 0 ?�ð�? −7 ?�1r©Ù.

ã 5(b) ´ 5 nm Å��1± α = 4.7◦ \�1», &
ÿì¤uÿ��û�rÝã; ã¥�±wÑ$?
g (−1—−5 ?) �û�1U�&ÿì©EÑ5, �
´p?g�û�1®ØU©E, ~X −32 ?, −34

?�?g�û�1Ñ� −33 ?ùX
. ù��¡
´&ÿì!d¿����Ï, ,��¡´ÉÙ¦
Å���ÅK�. lã 5(a) Ú (b) ¥�±*	�±
~ê (φ + 7.9◦ = 2(α + ε) + 7.9◦ = 18.2◦) �Ý�
¥%�ýÏwÍ�ð�A�, ð��ä3áÅ�
«�dÄ, û�?gp; ��Å«KÐ°, û�?
g$.
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ã 3 g| ð�ß�1»�¢Ôì¡Ú�(�� SEM ì¡ (a) ¢Ôì¡; (b) �¡ã; (c) �¡ã; (d) �¡ã

ã 4 4 û��ÇuÿC�«¿ã

ã 6 ´±Ï 1 µm!Ó°'� 0.18!»�þ
Ý 10 µm �g| ð�ß�1»û��Ç�nØ
O�Ú¢Sÿ��1»�Ç©Ù. ã 6(a) ´ò SEM

¢ÿ1»ëêÑ\û�5^� Gsolver[13] �O�
���nØû��Çã. I�`²�´, O�¥v
k�Ä| (�. ã 6(b) ���Ñ�1»3OþÕ
ÿ��û��Çã. lã¥�±wÑ, ÿþ��¸
��éO��k�½� £, ù�U´du\��
� 4.7◦ k�½ �, äN�U´�¬C1�k�½
Ø�. l¸�5w, ÿþ����O��� 25%—

32%. {ü��Ä?\r5K�, 1»k�«��
Ó 65%, Kÿþ���O��� 38%—49%, ¢�

ã 5 ±Ï 1 µm, Ó°'� 0.18, »�þÝ 10 µm �g|
 ð�ß�1»3\�Å� 30 nm ? (a) Ú 5 nm ? (b) �
û�rÝ©Ù
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ã 6 ±Ï 1 µm, Ó°'� 0.18, »�þÝ 10 µm �g| 
ð�ß�1»û��Ç�nØ (a) Ú¢ÿ (b) ©Ù

(Jw«�nØ�[ÎÜ. I	�(Jw«¢ÿ�
´nØû��Çê�� 70%—85%[14], ·��¢ÿ
� $, Ø
uÿ¥�Ø�¯K	, Ì��¢S1
»(��{§Ýk', X»�°Ý!�^Í�Ý!

(��Øþ!5!Å3�^þ��,��â!ý
9o÷Ý!ä�9�@¡ß��
"�.

5 ( Ø

^ X ��g| ð�ß�1»´�«#.�
û�1», §Ó�äkß�1»Ú��1»�`:.

�up��Ý!p�°'1»��JÝ�, Äk?
1�é�±Ï��.g| ð�ß�1»ï�, �
.1»���8�´&¢�{��ó²��15
ÚÏL X ��ÿÁ�yÙð�A5. æ^Äu�E
1�Ú�{@¡�ó²´���Ñ±Ï 1 µm!Ó
�' 0.1—0.2!p°'� 100!»�þÝ 10 µm!
fü�¡È� 5 mm×5 mm!k�¡È'� 65%�
g| ð�ß�1». 3I[ÓÚË�¢�¿?1
�Å�×£ÿþL², ð��AwÍ, ð�?g 
�9ÙA��IþnØýÿ���; û��Ç�¢
ÿ(J�Ä��nØ�[ÎÜ, �´û��Ç $,

l¸�5w, �knØ�� 38%—49%. ·��3
Uõ®kó², Jp1»(��þ!5!ü$1»
"�, Jp1»�û��Ç, 3dÄ:þJp1»
���Ý.

a�I[ÓÚË�¢�¿�±ö�Ú¿Ó�3ÓÚË

�1»uÿ¥����Ï.
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Abstract

The performance prediction of freestanding blazed transmission grating is discussed using scalar diffraction theory, and grating

design parameters are accodingly given. A freestanding transmission grating with a period of 1 µm, duty cycle of 0.1—0.2, aspect

ratio of about 100, thickness of 10 µm and fractional area of 65% is successfully fabricated by holographic lithography and anisotropic

wet etching. The size of a single die is 15 mm × 15 mm divided into four 5 mm × 5 mm windows. The diffraction efficiency of the

fabricated grating is tested at the National Synchrotron Radiation Laboratory in a wavelength region of 5—50 nm. The wavelength

scanning results show a strong blazing effect in the direction of specular reflection from mirror-like grating sidewalls, as expected. The

measured and normalized diffraction efficiency is consistent with the theoretical prediction within 38%—49% due to grating structural

imperfections. These experimental results prove not only the concept of blazed transmission grating but also practicability of the

fabrication process.

Keywords: freestanding transmission grating, blazing effect, holographic lithography, anisotropic wet etching
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