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1.����

 

�� ����(nanotechnology: NT)� �� ���� ��� �

�� ���, ��� ��� � ����� �� ��� ��� 

��� ����� ����� ��� ����� ��. � ��

�� �� ���� ����� ��� � �� ���, ��� 

� ����� ��� ��� ��� �� ����� �	 �

��� �� �� ���� ��� ���� ���� ��. �

� 
�� ��� ��� ���� � ��� �� ���� �

�� �� � ���� ���
 ��� �	 ��� ��� �

� ��� � � �� �� � ��� �� 	�� �	 ���� 

��.1-9 

�� ��� ��� �� ���� ����� ��� ��� 

�����(photomask)� ����� ����. ������ 	

��� �� ����� ��� �
�� ����� ��� �

����(electron-beam lithography) ��, ����� ��� ��

�����������������������
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��� � ��� �� ������ ��� ��� 3�� ���
� 
� ��� ���� �� �� �� ���

��(nano-stereolithography) ����� �� ���. � ���� ��� ��� 3�� CAD ��� ���� �

�� ��
� ����� ����� ���� ���� �
�� ���� �	� ����� ��� �� �

�� ���
� ����. ���
� ��� ���� ���� ��� �� ��� ��� ������ �	

� ���� ��� ������ �
�
�� 
 � ���� 150 nm �����. ��� ������ ��
� 

���� �(shell) ��� 3�� ��� �
� ��� ��� ��� ��� �� �� ��� ����� ���

� �� ��� ��� � ��� �� ���� ��. � ����� ��� ��
� �	��� �� � ��� 

���� ��
� ���� �
�� �� ��
 ��� ��(double contour scanning)� ���
�� �� ��

� �
� ��� ��� 	��� ��� � ���. 

 

Abstract:�A nano-stereolithography (NSL) apparatus has been developed for fabrication of microstructures with the 
resolution of 150 nanometers. In the NSL process, a complicated 3D structure can be fabricated by building layer by layer, 
so it does not require any sacrificial layer or any supporting structure. A laminated layer was fabricated by means of 
solidifying liquid-state monomers using two-photon absorption (TPA) which was induced by a femtosecond laser. When 
the fabrication of a 3D laminated structure was finished, unsolidified liquid-stage resins were removed to develop the 
fabricated structure by dropping several droplets of solvent, then the polymerized structure was only left on the glass 
substrate. A microstructure is fabricated by vector scanning method to save the fabrication time. The shell thickness of a 
structure is very thin within 200 nm, when it is fabricated by a single contour scanning (SCS) path. So, a fabricated 
structure can be deformed easily in the developing process. In this work, a double contour scanning (DCS) method was 
proposed to reinforce the strength of a shell typed structure, and a microcup was fabricated to show the usefulness of the 
developed NSL system and the DCS method. 
 

Keywords: nano-stereolithography process, 3D microstructures, double contour scanning method, two-photon poly-
merization, femtosecond laser. 
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(probe-tip) ��,10 dip-pen nanolithography(DPN) ��
11 ��. ��� 

��� 100 nm ��� �� ���� �� ��� ��� ���

�� ��� �	 ���� ��� ��� 3�� ��� �
�

��� ��� ��
� ��. �� �� ���(aspect ratio)� �

� 
��� ����� ��� �
��(reactive ion etching: RIE)� 

	� ����� ����.  

��� ��� ��� ���� �� ���� ��� ��� �

� ����� �� ���� ��� ��� ��� �� ����

� �
� ����
12 �� ���(bitmap) ��� �	��� ��

�� ��� ���� �	� 200 nm �� ��� ���� ��

� ����.13 ��� ����� ��	��� poly(dimethylsilo-

xane)(PDMS)� �
� ��� ���� �� ��� �
�� �

�� ���� �
� �����(soft lithography)� ��� ���

�
14,15 �� ��	
�� ��� ��� ����� ���� �

���� ��	 ���(top-down reverse building)� �����.16  

� ����� ��� ���� �� ��� ����� ��

�� ��� ��
� ����� ����� ���� �� �

��� ��� 3�� ��� �
�� �� �� �����(nano-

stereolithography: NSL) ��� ���
�. �� �
�� ��� 

��� �� ��� ���� �� ���� ��� � ���� 

��� ��� ��� �� ��
 ��� ��� ���
�. 

 

2. �� 
 

2.1 ��� ��� �� ���� 

��� ��(two-photon absorption: TPA) ��� ��� � �� 

��� 
� � � 10-15 � ��� �� ��� 
��� ����

�� � �� � ���� ���� ��� ���. �, � �� 

��� �� ��� ���� ��� �� ��� �� ��� �

� �
� ���� ��� � ��� �� ���� � �� �

�� �� �� ���� �� ��� ���� ��� ���. �

�� � �� ��� ���� 
�� ������ ��� ��

��(virtual transition state)� 	���. 

Figure 1�� ��� ��� ��� ���� ��� ���� 

� ���� ��� �� ��� ��� ���. ��� �� �

�� � �� ��� ��� 
�� � ���� ���� �� 

��� ����(photoinitiator)� ���� ����� �� ��

� �� ����� 10-6 � ��� �� �
� ��� 	� 3�

� ��� ����. ��, �� ���� �� ���� �� �

���� ����� 	�� �
��� �� 	��� ��� 

	� �� ��(quenching agent)� ���� ���� 	���� 

���� ��� 
�� ���� ���� ���� 	�� �

� ���� ���� ���� �����.  

��� ����� ��� ��� ��� ���� ���� �

�� ����� �� �� ��(peak power)� ��� ���� 

	��� ��� ��� �� ����� ��� ��� ���� 

�
� 
� ���� ��� �� ��� �
�� ���� �

�� ��� ���� ��. � ��� 	�� Ti:sapphire ��� 

���� 
	 ����� 1 W, ��� ���� 80 MHz �� 

�� �� � 100 fs ����� ��� �� ��� ��� �� 

� 0.1 MW �� ��. ��� ��� ����� �� �
 ��

� �� �� ��� 
	� �� �� ����� ���� ��

�(resolution)� �� ���� ��� �� � ��.14,17 

2.2 �������������
�������������

�� �� ����� ���� �
�� ��� ���� �
 

��(voxel) ��� ���� ��� ��. ��� ��� �� �

�� �� �� ���� �� ��� ��� �
�� Figure 2

� 	� ��
(hyperbola) ��� ���� �� � ��. Figure 

2�� 
�
� ���� ��� �� (θ )� ��� �� � (1)� 

	� ��. ��� ����(numerical aperture: NA) ��� ���

� ��� �
� ���
(ω0)� ��� �� � (2)� 	� ��

��. 
 

0

1tan
πω

λθ −=                                           (1) 

)]/(tan[sin 10
nNA−=

π
λω                                    (2) 

 

��� λ� ���� ��, n� ��� �
�� ��	� 	

�� ��� 
��� ��� ��� NA� ����� ����. 

��� ���� �	� �� �� ��� �� ��� ���

� �� ����� ���� ��� ����� � (3), (4)� 	

� ��� � ��.14  

Figure 1. Schematic diagram of the transforming process of photon 
energy in two-photon polymerization. 

�

Figure 2. Schematic diagram of Gaussian beam shape at focused point. 
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��� d� ��� �
, l� ��� ��, P� ��� ��, t� 

�	�
, Eth� ��� ��� ���� �� ���� ����. 

� (2)�(4)�� ����� ��� ��� ��� �� �
� 


��� �� ��� � �� ��
� � � ��. ��� �

� ��� ��� 3�� ��� �
� � �� ��� ��� 

��� ��� ����� � ��	�� 	��� �� ���

� ��, ��� ��� ����� 
��� ���� ��� 

�	�
� ��� ��� �� ��
� � � ��. ��� �


� ���� �
� Sun ��18 ��� � ��. 

 

3. �� 
 

3.1 �� 

��� ����� TP-Flu-TP2� 2,7-dibromo-9,9-diethylhexyl-9H- 

fluorene� diphenyl(4-vinylphenyl) amine� Heck ��� ��� ��

�
�.19 � ��� ����� �� π-��� ����� ���

�� � �� �� ��� �� fluorene ���� ��� ����

� �� � �� ����� triphenyl amine� ���� 	��� �

�� ���� ��� � ����� ���� �� ethylhexyl�� 

���� ��. 

 

 

TP-Flu-TP2 

 

� ��� ����� fluorescein� ����� �� ��� 	

� 0.78����, ��� ���� ���� ��� �����


� 0.84 ns���. �� 80 fs ���� ��� �� ��� �� �

�� 
� 740 nm�� 954 GM�� �����. ��� �� �

��� 
� ���� ���� ��	� 	�� ���� ��

�� ����� 
�� SCR 500 ���� � ��� 0.1%(w/w)

� TP-Flu-TP2� �� ���
� 	��
�. ��� �� ��

��� ��� 	� �� �� � �� �� ��� 411� 472 nm

�� �� ����.14 ��� 472 nm ��� �� �� ��� 

� �� �� �� ����� ���� ���� ���� �

��. ��� 800 nm ��� ��� �� �
� ��� �	� 

� �� �� ����� ��� �� �� ��� ��� ���

� ���� ���� �� ���� ��� �����	 ��� 

���� ��. 

3.2 ���� �� 

� ���� ��� �� �� ����� ��� �
� ��

� ���� 3�� ��� �
�� ���� �	 2�� ���

� 
� �� �����14 �
� ���. Figure 3� ��� ��

� ����� ��� ��	, 	�� ���� 80 fs ��� �� 

�� �� 	��-	��� ���(Ti-Sapphire mode-locked laser)�

�, ��� �� x, y�� ��� ��� ���(glavano mirror)� 

���� 1.2 nm ���� ���� �
�. �� z� �	� �� 

��� ��� ����(piezoelectric stage)� ���� �� 
�� 

10 nm ���� ��� ����� �
�. �� ��� �� �

	�
� ���� 
�� ��� ��� ��(pin hole)� 	��

� 1 ms ���� ����� �
�. ��� ��� ���, z� 

����� �� ��� 
���� ��� ���
�. 

�� ��	�(NA 1.25, �100)� �
 ��� 	�� ����� 

��� 
� �� ��(immersion oil)� 	��
�. �
�� �

�� ��� 	�(�1000)� ��� CCD ���� ���� 
��

��
�. 2�� �� ��
 	��� �� ��� ����� 

���� � �� �
�� z� �	�� ��� ����� ��

�� �� ���� ��� ��� �� �� �� �
�� 3�

� ��� � ��� ��� ��. � � ��� ��� ���

� ��� ��� ����� ��� ���� ����. 

Figure 4�� �� �� ����� ��� ���
 ��� �

����. �� �� ��� �
� ���� �
� 3�� ��

� ���� ���� �� ���	 � ��. �� ���� ��

� ���� ��� ��� ���� ��� ��� ��� ��. 

3.3 �� ��� ��� �� 

� ����� 2�� ��� �
� � �
�
� ���� 


�� Figure 5(b)� 	� ���� ��� ��� ��
� �� �

��� �� ���(vector scanning) ��� ���
�. ��� 


	� ��
� 
 �� ���� ��� �	�
� �� � 150�

250 nm ���� ���� ��� ���
 ��� ���� �

��� �� ���� ��� � ���� ��� ��� �
� 

��� ��� � ��. ��� � ����� ��� ��� ��

�� 
�� �� ��
 ��� ��(double contour scanning me-

thod)� ���� ��� ����� �
�. Figure 5(c)� 	� 3

�� CAD���� �� �� 	��� ��
�� �
��(nor-

mal vector) �	�� 100 nm��� �
(offset)��� ��
� �

Figure 3. Schematic diagram of nano-stereolithography apparatus. 
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�� �� ��� 
�(loop)� ����� �
�. ��� �


�� ��� ��
 ��� 250�50 nm� �� �� ��
 ��

� ��� ��� ��� �	 	�� ��� ����. 

 

4. �� � �� 
 
4.1 �� ��� ��� ��� �� �� 

���� ��� �	�
� �� 2�� ��� ��� ��� 

���� 
�� �� �� ����� ��� ���� 
 � �


� ���
�. ��� ��� ���(�/2 plate)� �� 
��

� ���� ���
�, ��	�� ���� �� ��� �
�

�(thermopile) �� ��� ��
��(power monitor)� ���� 

���
�.  

�
� 	�� ��� ��� �
� 
� ��� ����� 

���� 90�� 30 mW	 ������ 240 mW��� �
�. 

���� �	�
� ��� ��� ��� ���� � ��� 

��� ��� 1.0, 1.5, 2.0, 4.0, 8.0, 16.0, 32.0 ms�� �����. 

Figure 6(a)�� ��� �� 90 mW, �	�
 1.5 ms ���� �


� 
 ��� ����
(scanning electron microscope; SEM) 	�

� ��� ���.  


 � ��� ���� ���� 
�� ��� ���� �


� 
 ���� ��
� 5�	� �� �	�
�. �� 
 ��

� Figure 6(b)� 	� ����� ��� ���� �� �
�� 

��	 ��� ��
 
�(voxel distance)� � 18 nm� ���� 

���. �	�
� ���� �� ��� ��� �� 
 �� 

��� �� �
	�� Figure 7(a)� �����	 �
� 
� 

�� �
 �	��� ��� ���. Figure 7(a)� 	��� �	

�
� ���� �� ���� ��� ���	 � 
 �� ��

� �� 
���� ���� �	�
� �
��� �	� 
	

� ��
� � � ��. ���, ���� ��� �� 
 �� 

��� ���� �	� 
� ��� ����. Figure 7(b)�� �

�� ��� ��� � �	�
� ������ 
 �� ��� 

	�� ��� ��	 ��� ���� �	�
� ����� 

����� 
 �� 	� ����� �	�
� �� 
 �� 


���� ����� ���. ��� ��� �� ���� �	

�
� 5 ms �� ����� 
 �� ���� ���� 10 ms 

���� �	�
� ����� ��� �� ����� ��� 

���� �� �� ���� ���� ���� ��� ��� 


 � ��� �� �� ��� ����.  

4.2 ���� 3�	 ���
 

��� ��� ���� ���� 
�� ���� ��� �� 

�
�
�. �� ��� �� ��
 ��� ��� �� ��
 

��� ��� �� ���� �
� 
 �
� ��� ��� �

�� �
�. 

Figure 8�� ��� �� 120 mW, �	�
 2 ms�� �
� 

� 8.3 µm, �� 9.8 µm� ���� ��� �� ��� �����

�

Figure 4. Schematic flowchart of nano-stereolithography process. 

�

(a) 

�

 (b)  (c) 

Figure 5. (a) Sliced 3D data obtained from STL formatted 3D data and 
comparison of (b) single contour scanning method with (c) double contour 
scanning method. 

�

(a) 

�

(b) 
Figure 6. (a) SEM image of fabricated line patterns with the conditions 
of laser power of 90 mW and exposure time of 1.5 ms and (b) schematic 
diagram of voxel distance. 
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	 �� ��
 ��� ��� ��� �
� �� ��� ���

� ���� ���� �� ���� ���� ������ �

�� ������ ����. ��� �� ��
 ���� ��

� �
� ��� ��� ���� ���� ��� �� ��

� ��
� ��� � ���. 

��� �� ��
 ���� �� ���
� ��� ��� 

���� ��� ��� �� ��� �
���� � � ��. 

 

5. �� 
 

� ��� ��� ���� 3�� ��� ��� �
�� ��

� 	� 	
� ���
�. 

(1) �� �� ����� ��� ���� ��� 3�� ��

� ����� ���� ����� �� �� � ��� �
� 

����� �
�. 

(2) ��� ��� �� ���� ���� ���� ��� � 

���� ��� ��� ��� ��� ��� � ��	 ��� 

��
� �	�� 
�� �� ��
 ����� ���� �


�� ��� ��� �����. 

(3) �� �� ����� ���� 
 �� ���� ��� 

�	�
� �	� 
�� ��� �	�
� 
��� �� 
 

�� �� � ���. �� � ���� ��� �� 90 mW, �

	�
 1 ms� ���� 150 nm� 
 �� ���. 

(4) � ���� ��� ��� ���� 3�� � 	�� �


 �� ��� ��	�� ����. 

 

��� ��� ��� 21�� 

	� ���� 	�� �� 

����
� ����	��� ��� ��� ��� ����

�� ��� ��� �	����. �� � ��� ��� K.-S. 

Lee� ����� �����	��� ��� �	� ����. 
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Figure 7. (a) Experimental results of variation line width according to 
laser power and (b) laser exposure time. 
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Figure 8. SEM image of microcup fabricated by (a) single contour 
scanning method and (b) double contour scanning method. 


