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Process Name P1264 P1266 P1268 P1270 P1272

1st Production 2005 2007 2009 2011     2013

Lithography 65 nm 45 nm 32 nm 22 nm   16 nm

Manufacturing

Development

Research

Pathfinding
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Defect 

Density

(log scale)

130 nm 90 nm 65 nm 45 nm

2000  2001  2002  2003  2004  2005  2006  2007  2008
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32 nm Cell
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Sanjay Natarajan, IEDM 2008

0.171 um2 
cell size

112.5 nm 
Gate Pitch

32nm
SRAM

291 Mbit SRAM
0.171 um2 cell size
>1.9 billion transistors
4 GHz operation
Functional silicon demonstrated in Sept ’07
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0.346 µm2 Cell 
193 nm Dry Lithography�5��5�
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Design Pattern

Pixelated mask
SEM image of wafer          

Atomic Force Microscope Picture of the mask

Model black-box
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Baseline
Cr/0/PI

Cr to 0/PI Cr to 0/PI
depending on obj

Cr to 0/PI
checkerboard

Start from Cr/0/PI
Remove Cr
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Slight loss of defocus, but acceptable 
tradeoff for manufacturability!

l = 0.193,
NA = 0.85,
Annular Illumination,
s = 0.74-0.94
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Our algorithm Globally optimal solution

Our algorithm finds solutions that 
provide about as much “juice” as the 
global optimum.
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Pass-1: Partition into 
overlapping domains & 
process in parallel

Pass-2: Re-Optimize 
pixels at adjacent
domains

Pass-3: Re-Optimize 
pixels at domain corners
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Domain Boundary

Mismatch at
Domain boundary
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Note: some cells are not visible due to graphics culling
Top-cell pixels are not displayed
Only 0-deg pixels are displayed
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1. Take this pixelated mask

2. Produce its wafer image using 3 
available models

Traditional thin mask 

model

Had to invent a practical model to enable a pixelat ed solution

Rigorous model 

(10,000X slower)

“True Image”

(gold standard)

Published fast 

thick mask model
(was the pixelation driver)
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Mask optimized with 

standard thick mask model

Mask optimized with 

new fast thick mask model

������������

�	
��
���

����

����
����
�	����

�����������

���� �	����

�����������

����



V. Singh, Lithography Workshop, June 2009

<	�������
�!<����������<	�������
�!<����������<	�������
�!<����������<	�������
�!<����������<	�������
�!<����������<	�������
�!<����������<	�������
�!<����������<	�������
�!<����������
�� ��'��������7����	�/��'�/���	/��	�'������'
���)�-��� 	/�	���	��
����'��������7����	�/��'�/���	/��	�'������'
���)�-��� 	/�	���	��
��

/�������&����
	�
����	��/>�/����
�/�'������'
������ ����7����	���/�������&����
	�
����	��/>�/����
�/�'������'
������ ����7����	��� 	�	�
���5�/�����5�/�� ??@����@����AA))

�� %��&��'��/�/���8��	�
����!""#%��&��'��/�/���8��	�
����!""#



V. Singh, Lithography Workshop, June 2009

!<���	���,�����,��	,��!<���	���,�����,��	,��!<���	���,�����,��	,��!<���	���,�����,��	,��!<���	���,�����,��	,��!<���	���,�����,��	,��!<���	���,�����,��	,��!<���	���,�����,��	,��

optimized pixel source optimized pixel mask and contour
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Computational lithography is helping extract 
more resolution from existing technology



V. Singh, Lithography Workshop, June 2009
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Cost savings
from 
CL innovations
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A new node increases compute cost due to increase i n:
� number of OPC layers
� density
� required computational accuracy
� model accuracy needs
� convergence difficulty
� Number of OPC features
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