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Table 1 Accuracy of network models with different layer structures on the test set

Network model Accuracy/ %
ResNet18 70.0
ResNet34 77.5
ResNet50 77.5
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Fig.5 Confusion matrix for network models with different layer structures on the test set
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Table 2 Accuracy of different layer structured network models with added feature fusion modules on the test set

Network model Accuracy/ %
ResNetl8+FF 77.5
ResNet34+FF 83.1
ResNet50+FF 84.5
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Table 3 Time required to process images with different definition evaluation functions

Image definition evaluation function Time taken to evaluate a single image /s
Laplacian 0.005
Energy 0.998
Brenner 0.247
SMD 0.991
variance 0.771
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Table 4 Focus detection performance of the same pattern in different out—of-focus situations using the proposed method

Off-focus Steps used for ) Focus check
Coarse check focus results o Total time/ms

volume/pm precision focus checks results
—40 Grade 4 negative defocus 98 % 6 263.8 True
—29 Grade 3 negative defocus 53.8% 5 238.4 True
—18 Grade 2 negative defocus 88 % 4 212.1 True
—10 Grade 1 negative defocus 58.4 % 3 191.4 True
—1 Coarse focal plane 80% 2 168.9 True

9 Grade 1 positive defocus 54.8% 3 188.8 True

17 Grade 2 positive defocus 78.6 % 4 212.9 True

28 Grade 3 positive defocus 73.5% 5 241.1 True

39 Grade 4 positive defocus 96.8% 6 263.5 True

*5 HABRREARBEBRTERERE T ENREELE

Table 5 Focus detection performance of the same pattern in different out-of-focus situations using conventional methods

Off-focus volume /pm Steps used for focus checks Total time/ms Focus check results
—40 41 1023.1 True
—29 30 729.3 True
—18 19 478.1 True
—10 11 302.4 True
—1 2 75.6 True
9 10 298.1 True
17 18 520.5 True
28 29 804.1 True
39 40 1055.2 True

3 SLINER

RT B UEAS ik AR AT L FE T A 9 BT R SR IS R G, o I L S sk R e AR TR I Y R . S
5 R4 FEAAHE LED LI (I K : 365 nm) . DMD (R E R :13.68 pm X 13.68 pm) .~ Tube 45 Kl —
A58 R AEY B (5X ,NA=0.15) .CCD M ZF 788 & (T kG B« 1 pm) EGAL B T4 5 (DR Ab B2 R
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Fig.9 Experimental system diagram
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(b) Negative defocus 24 pm
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Fig.10 Coarse focus check process display
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Fig.11 Precision check focus process display
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Table 6 Comparison of focus detection performance of different patterns at 28 ym out of focus

i Steps used for Total time for
) Time for coarse o o
Focus check graphics Coarse check focus results precision focus precision focus
focus checks /ms

checks checks /ms
]
= Grade 3 positive defocus
I ﬂ L 93.7 5 148.6
=] E 78.6%
TITTE TTIT
Grade 3 positive defocus
93.7 5 145.5
73.5%
— —
I . I Grade 3 positive defocus
[ | 93.7 5 147.2

| . | 61.8%

x®7T —1B8umBEBRATAERERMEE R L

Table 7 Comparison of focus detection performance of different patterns at —18 pm out of focus

. Steps used for Total time for
) Time for coarse o o
Focus check graphics Coarse check focus results precision focus precision focus
focus checks/ms

checks checks/ms
=[I=]
Grade 2 negative defocus
ﬂ‘ 93.7 4 123.6
=l 68.4%
Grade 2 negative defocus
93.7 4 123.3
88
— —
. | Grade 2 negative defocus
93.7 4 125.6

I
I W | 0
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Table 8 Results of the coarse and precise focus detection errors in 20 tests

Focal plane detection error/pm Number of times each error occurs in Number of tim-ei% each error occurs in the
the coarse check focus precision check focus

0 1 2
+1 3 15
+2 4 3
+3 3 0
+4 2 0
+5 3 0
+6 1 0
+7 3 0

4 Zie

h T RAE RS FRORT BE AR SCHR I T — R B TR B AR 2T Y A A AR Uy i R O B T A 2 R gL Al
CCD 5 DMD 3: 45 , 75 B 56 i 72 v 52 i WL BB OUIR 25, 1) R 32 2 2J SE RN 45 5 B 1 IR A B A6 6 07 125, 70
RELAS £5 U G £ P B B, ORI CCD SR AR 1 GO0 52 BLAE V- T A A o AR D7 VA AR RLES BB I BC R AT — 58
B L2850 B 45 DX ) 7™ A 2 ), E 2 AR 6 0 0485 SR AT LA & 3005 40 IXC T A g 25 8 B K, I 52 2 AT DA A e £
i 3t B o e R IAE AT B IR R AR BN . BRI RGN 8 pum Ay SR G R R ATy
EAEAETE 300 ms A58 M (—40 pm, 40 pm) &5 870 BN 596 A S ARORS 2 RT3k 2 um, BE A% 3 12 2R 40 X0 4G f bG
JEE I R B 5K, ) LAAR S 3 0 T B0 Ot 2 ST
S % K
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Deep Learning Based Method for Automatic Focus Detection in Digital
Lithography

YANG Jupu'?, DU Jialin"?, LI Fanxing', CHEN Qingrong', WANG Simo'’, YAN Wei'
(1 Institute of Environmental Optics , Institute of Optics and Electronics, Chinese Academy of Sciences,
Chengdu 610209, China)

(2 University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Digital lithography based on digital micromirror array devices is one of the methods for the
production of micro and nano structures, with the advantages of low cost and high flexibility, and has great
advantages in micro and nano processing. As the demand for higher resolution of micro and nano structures
increases, the wavelengths of lithography systems are getting shorter and the numerical apertures are
getting larger, which leads to shorter and shorter exposure depths of focus. To ensure the quality of
lithography patterns, the substrate must be within the depth of focus, so fast and high precision inspection
of the focal plane becomes the key to the production of high resolution micro and nano structures. Most of
the traditional methods require a separate design of the focus detection system, which will not only increase
the complexity of the whole system structure but also increase the difficulty of mounting. With the growing
development of image processing technology, focusing methods do not require complex optical path
adjustment and can achieve focal plane detection based on out-of-focus images only, and the methods have
been applied to many fields. Inspired by this, this paper proposes a deep learning based focus detection
method, by adjusting the optical path of digital lithography so that the exposure focal plane and the camera
imaging focal plane coincide, at this time the image captured by the CCD is the exposure pattern on the
exposure focal plane, the blurred degree of the image directly reflects the out—of-focus degree of the
exposure pattern, so the focal plane can be quickly and automatically detected using the algorithm only
based on the currently formed image. The focus detection algorithm proposed in this study consists of two
steps, firstly a coarse focus detection of the substrate at a large out-of-focus distance to reduce the out-of-
focus range of the substrate, and then a further improvement of the focus detection accuracy at a small out—
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of-focus distance. According to the characteristics of these two focusing steps, a deep learning model is
used for detection in the coarse focusing and a conventional sharpness evaluation function combined with a
search algorithm is used for detection in the precise focusing. Different out-of-focus ranges are firstly
classified according to the out-of-focus distance, and corresponding training and test datasets are produced.
The trained network can achieve 88.7% accuracy on the test set, and it only takes 90 ms to determine the
current out-of-focus range of the substrate, and then move the displacement table to move the substrate to
the focal plane. Compared to conventional methods, this avoids the need for a round trip movement of the
displacement stage, thus reducing the impact of return errors on focus detection accuracy. The evaluation
performance and evaluation speed of different sharpness evaluation functions were also compared using out—
of-focus image data. The Laplacian function is chosen as the image sharpness evaluation function for
precision focus detection. Using this function, the sharpness value of an image can be calculated in only 5 ms
and combined with the search algorithm to find the position with the highest sharpness value near the focal
plane, the focal plane can be found accurately in 7 steps on the basis of coarse focus detection. Simulation
and experimental validation results show that although the method has a certain chance of error in the coarse
focusing stage, the misjudged out—of-focus range is small and can be corrected by the search algorithm in
the precise focusing stage to find the true focal plane. In the end, the method can be used with a 5X
focusing objective and the focusing accuracy can reach 2 pm in the out-of-focus range of (—40 pm, 40 pm)
with a total time of less than 300 ms. In summary, the method has the advantages of low structural
complexity, fast focusing speed, and high focusing accuracy, can be well applied in the field of digital
lithography.

Key words: Digital lithography; Automatic focusing; Deep learning; Image processing
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