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Curvilinear Mask Process Correction (CL-MPC) has become a critical technique for 
maintaining high-Numerical Aperture (NA) Extreme Ultraviolet (EUV) mask fidelity, 
ensuring the precise imaging of complex curvilinear patterns generated by Inverse 
Lithography Technology. Existing CL-MPC methods are generally categorized into 
shape-based1 and dose-based modification2 methods. The former is efficient but with 
lower fidelity, while the latter is higher fidelity but costly. To overcome this trade-off, 
we propose a hybrid-based modification method that integrates the strengths of both to 
improve accuracy and efficiency at the same time, validating our proposed method 
through the following steps: (1) We established a parametric point spread function model 
under a 50 keV acceleration voltage to simulate the absorbed-energy distribution within 
a 64 nm HSQ resist layer for high-NA EUV mask pattern prediction; (2) applied a shape-
based, two dose-based and our proposed hybrid modification method to modify 
corrected pattern; (3) compared the fidelity of the corrected exposure contours and the 
computational efficiency of these four modification methods upon achieving EPE 
convergence. Figure 1 illustrates the adjusting strategies of the four modification 
methods used to modify the corrected pattern, aiming to best align the corrected exposure 
contour with the target pattern. Conventional shape-based modification method (Fig. 
1(a)) modifies corrected pattern by dissecting edges at fixed intervals and adjusts the 
shape points. Inner-dose-based modification method (Fig. 1(b)) adjusts the pixel-level 
dose within the corrected pattern based on energy-intensity error (IE) relative to the 
nearest edge. Dual-dose-based modification method (Fig. 1(c)) adjusts pixel-level dose 
both inside and outside the corrected pattern, and the dose adjusted area is determined 
according to empirical rules. Our proposed hybrid-based modification method (Fig. 1(d)) 
starts with shape-based modification method. Once the EPE reaches a predefined relaxed 
criterion, we transition to the dual-dose-based modification method to achieve higher 
precision.. Figure 2 illustrates the simulation results after applying four modification 
methods. Conventional shape-based modification method (Fig. 2(a)) only moves 
boundary segments during each iteration, resulting in faster convergence but lower 
fidelity due to the lack of fine adjustments for precise details. Inner-dose-based 
modification method (Fig. 2(b)) limits pixel-level dose adjustment within the pattern. 
Although pixel-level dose adjusting provides precise adjustments, the limited dose 
adjustment range results in overexposure (4 times compared to machine limit) in certain 
areas, making it impractical for real-world applications. Dual-dose-based modification 
method (Fig. 2(c)) allows for more flexible pixel-level dose adjustments while keeping 
the maximum dose within machine limit; however, pixel-level dose adjustments still 
need longer computational time. Hybrid-based modification method (Fig. 2(d)) 
integrates shape-based and dual-dose-based modification method. By applying the 
shape-based modification, it achieves efficient convergence; also, by utilizing dual-dose-
based modification, it ensures precise pixel-level control and higher fidelity. Thus, the 
method integrates both the high efficiency of shape-based modification and the high 
fidelity of pixel-level dose-based modification. Table I summarizes the performance 
metrics: the hybrid method reduces total runtime by over 80% compared with inner-
dose-based modification, lowers the average NMSE by 17.7% relative to shape-based 
modification, and reduces correction iterations by at least 13%. In conclusion, the 
proposed hybrid CL-MPC method—starting with shape-based modification followed by 
localized dose adjustment—successfully combines speed and accuracy, providing an 
efficient and accurate correction solution for advanced curvilinear EUV mask fabrication. 
1 C.-H. Liu et al., Appl. Phys. Exp., vol. 16, no. 1, Art. no. 11001 (2023). 
2 M. Matsumoto et al., Proceeding of SPIE, vol. 13216, pp. 132160H (2006) 
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