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Abstract As for the deep ultraviolet (UV) lithographic projection objective, the laser energy absorbed by the lens
material causes temperature rise, which induces thermal aberration. Under the off-axis illumination mode, the
temperature distribution is non-symmetric, and thus the research on the temperature distribution is significant for
thermal aberration simulation, prediction and compensation. A temperature distribution function model is proposed
to describe the three-dimensional temperature distribution of the lens in four illumination modes. Simultaneously,
the relationship between temperature and exposure time is studied, and the temperature at the thermal steady state
and the consumed time to get steady is calculated. The results show that the temperature distribution models
perform well for describing the spatial temperature distribution of projection lens under several commonly used
illumination modes with an average fitting error of about 107*°C . The error of thermal steady temperature predicted
via the relationship between temperature and time is about 107*°C, and the time error is less than 3 min. The
thermal aberration results calculated by the proposed model agree with the simulation results by SigFit, while the
time cost shows a decrease of three orders of magnitude.
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Fig. 3 Temperature distribution with normalized X and Y coordinates
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Table 1 Average fitting error and RMS of each lens

| N Temperature Fitting Error | N Temperature Fitting Error
.ens No. .ens No.
increment /C error /°C RMS /C increment /C error /C RMS /C

L1 0.0326 —2.0X107" 8.6X107° L15 0.0479 —1.6X107° 1.1Xx107"
L2 0.0762 —1.2X107* 1.4X107" L16 0.0385 —1.5X107° 1.1X107"
L3 0.0776 —3.9X107* 1.2x107" L17 0.0285 —6.0X107" 6.8X107°
L4 0.0949 —7.1X107° 1.5x10°" L18 0.0238 —5.2X107" 5.6 X107
L5 0.0763 —1.1X107* 1.4x107" LL19 0.0208 —5.1x10°* 4.8X10°°
L6 0.0692 —7.0X107" 1.3x10" L20 0.0251 —7.9X107" 5.5X10°°
L7 0.0592 —1.5X107* 1.3X107" L21 0.0217 —5.3X107" 5.2X107°
L8 0.0629 —2.3X107° 1.7x107" L22 0.0253 —7.4X107" 6.3X107°
L9 0.0362 —5.9X107* 5.7X107° L23 0.0377 —1.2X107° 8.8X107°
.10 0.0333 —5.9x10°* 5.2X107° 1.24 0.0419 —1.4X107° 1.0x10°"
L11 0.0379 —1.0X107? 5.7X10°° L25 0.0708 —1.5X10°° 1.5X107*
L12 0.0383 —1.0X107* 6.6 10 ° 126 0.0972 —1.5X107° 1.4Xx107"
L13 0.0423 —1.3X107° 8.3X107° L.27 0.0662 —2.2X107° 7.7X107°
L14 0.0427 —1.2X107* 9.0X107°?
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Table 2 Comparison between simulated and predicted results at thermal steady state

Lens No. Simulated Predicted Lens No. Simulated Predicted

T /C ¢ /min T /C ¢ /min T /C ¢ /min T /C ¢ /min
L1 22.03851 22.8 22.03808 24.5 L15 22.07889 71.3 22.07884 70.5
L2 22.08892 62.3 22.08890 62.1 116 22.07084 74.3 22.07078 73.4
L3 22.09216 66.3 22.09214 66.2 L17 22.05759 61.3 22.05766 61.3
L4 22.10893 80.3 22.10892 80.3 L18 22.05130 60.8 22.05136 60.6
L5 22.08927 63.8 22.08923 63.4 L19 22.04859 58.8 22.04868 58.6
L6 22.07125 55.8 22.07121 55.4 L20 22.05656 82.8 22.05628 79.7
L7 22.06538 62.3 22.06537 62.3 L21 22.04932 60.8 22.04939 60.4
L8 22.06647 105.3 22.06626 103.6 L22 22.05125 63.3 22.05128 62.8
L9 22.04715 77.3 22.04710 76.8 .23 22.06367 77.3 22.06356 75.8
L10 22.04296 78.8 22.04292 78.3 L24 22.06631 66.8 22.06631 66.7
L11 22.04982 99.3 22.04953 97.0 L25 22.08601 70.8 22.08599 70.6
L12 22.05076 91.8 22.05055 89.9 1.26 22.10541 55.3 22.10538 54.8
L13 22.05562 85.3 22.05550 84.1 L27 22.07171 18.8 22.07115 25.5
L14 22.06387 66.3 22.06385 65.8
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(b) annular illumination; (c¢) quadrupole illumination
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Table 3 Temperature fitting error of different illumination modes

Illumination mode Temperature increment /C Fitting error /°C Error RMS /C
Traditional 0.0378 9.0x107" 2.0x107"
Dipole 0.0202 —4.8X107* 1.4Xx107"
Annular 0.0342 —3.3X10°° 2.0X10°"
Quadrupole 0.0385 —1.8x10°* 3.4x107"
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