
PROCEEDINGS OF SPIE 
 

 

Volume 13687 

Proceedings of SPIE 0277-786X, V. 13687 

SPIE is an international society advancing an interdisciplinary approach to the science and application of light. 

 

Photomask Technology 2025 
 
 
 
Lawrence S. Melvin III 
Vicky Philipsen 
Editors   

 
 
22–25 September 2025 
Monterey, California, United States 
 
 
Sponsored by 

 
Cosponsored by 
EUV Technology (United States) 
Photronics Inc. (United States) 
 
Published by 
SPIE 
 
                                       
 



The papers in this volume were part of the technical conference cited on the cover and title page. 
Papers were selected and subject to review by the editors and conference program committee. 
Some conference presentations may not be available for publication. Additional papers and 
presentation recordings may be available online in the SPIE Digital Library at SPIEDigitalLibrary.org. 
 
The papers reflect the work and thoughts of the authors and are published herein as submitted. The 
publisher is not responsible for the validity of the information or for any outcomes resulting from 
reliance thereon. 
 
Please use the following format to cite material from these proceedings: 
Author(s), "Title of Paper," in Photomask Technology 2025, edited by Lawrence S. Melvin III,  
Vicky Philipsen, Proc. of SPIE 13687, Seven-digit Article CID Number (DD/MM/YYYY); (DOI URL). 
 
ISSN: 0277-786X 
ISSN: 1996-756X (electronic) 
 
ISBN: 9781510693203 
ISBN: 9781510693210 (electronic) 
 
Published by 
SPIE 
P.O. Box 10, Bellingham, Washington 98227-0010 USA 
Telephone +1 360 676 3290 (Pacific Time) 
SPIE.org 
Copyright © 2025 Society of Photo-Optical Instrumentation Engineers (SPIE). 
 
Copying of material in this book for internal or personal use, or for the internal or personal use of 
specific clients, beyond the fair use provisions granted by the U.S. Copyright Law is authorized by 
SPIE subject to payment of fees. To obtain permission to use and share articles in this volume, visit 
Copyright Clearance Center at copyright.com. Other copying for republication, resale, advertising 
or promotion, or any form of systematic or multiple reproduction of any material in this book is 
prohibited except with permission in writing from the publisher. 
 
Printed in the United States of America by Curran Associates, Inc., under license from SPIE. 
 

Publication of record for individual papers is online in the SPIE Digital Library. 

 

SPIEDigitalLibrary.org 
 
 
 
Paper Numbering: A unique citation identifier (CID) number is assigned to each article in the 
Proceedings of SPIE at the time of publication. Utilization of CIDs allows articles to be fully citable as 
soon as they are published online, and connects the same identifier to all online and print versions 
of the publication. SPIE uses a seven-digit CID article numbering system structured as follows: 

 The first five digits correspond to the SPIE volume number.       
 The last two digits indicate publication order within the volume using a Base 36 numbering 
system employing both numerals and letters. These two-number sets start with 00, 01, 02, 03, 04, 
05, 06, 07, 08, 09, 0A, 0B … 0Z, followed by 10-1Z, 20-2Z, etc. The CID Number appears on each 
page of the manuscript. 

 



Contents 

ix Conference Committee 
  
   

EQUIPMENT ROADMAP: JOINT SESSION WITH PM AND EUVL 
  

13687 02 MBM-4000 multibeam mask writer enabling mask fabrication for a new era [13687-1] 

  
  

MASK INSPECTION AND PELLICLE 
  

13687 03 Novel EUV mask inspection tool using variable light shape with 193nm wavelength laser 
(Invited Paper) [13687-3] 

  
13687 04 Leveraging tritone AttPSM masks for improved reticle inspections: ADC system design and 

implementation [13687-5] 
  

13687 05 Novel EPE metrology for advanced mask manufacturing [13687-8] 

  
13687 06 Resist level critical dimension SEM metrology: challenges and developments for EUV 

photomasks (Invited Paper) [13687-9] 
  
  

MASK BLANKS 
  

13687 07 Novel capping layer evaluation for EUV mask (Invited Paper, BACUS Best Presentation,  
1st Place) [13687-10] 

  
13687 08 Progress and performance of 6×12 EUV photomask in RSP612 carrier [13687-12] 

  
13687 09 Proposal of improved ZERODUR as low-thermal-expansion material for EUV photomask 

blanks: a comparison of thermal and mechanical properties of different materials  
[13687-13] 

  
  

MASK LIFE 
  

13687 0A Actualizing EUV mask model during a reticle's life through TEM/EDX analysis (Invited Paper) 
[13687-15] 

  
13687 0B First experimental evaluation of accelerated reticle lifetime testing using an applied bias 

voltage at EBL2 [13687-17] 
  

13687 0C Actinic reflectometry for advanced metrology (Invited Paper) [13687-18] 

  

iii



13687 0D Long-term stability of actinic metrology and EUV mask blanks [13687-53] 

  
13687 0E Actinic patterned mask inspection and EUV light source optimization for system 

performance improvement [13687-20] 
  
  

MASK CLEAN AND REPAIR 
  

13687 0F Sub-50nm nanoparticle removal from EUV masks via elastomer stamp  
(BACUS Best Presentation, 2nd Place) [13687-22] 

  
13687 0G New advancements in laser repair technology for future and legacy photomasks  

[13687-25] 
  
  

COMPUTATIONAL LITHOGRAPHY 
  

13687 0H Making curves manufacturable with O(p) computing: a sampling theory approach  
(Invited Paper) [13687-27] 

  
13687 0I Mask quality and wafer process contribution analysis in EUV lithography [13687-28] 

  
13687 0J Enhancing wafer process window performance with curvilinear ILT correction for DRAM 

contact layer [13687-29] 
  

13687 0K Overlay deviation caused by mask heating during EUV exposure [13687-30] 

  
13687 0L Rigorous calibration and validation of high sigma defect prediction models [13687-31] 

  
  

MASK PROCESS CORRECTION AND MULTIGONS 
  

13687 0M Enabling curvilinear masks: novel mask qualification methodology and experimental 
verification [13687-33] 

  
13687 0N Optimizing control point insertion for mask process correction on curvilinear layouts with 

P49 Multigon representation [13687-35] 
  

13687 0O Source optimization for less aggressive optical proximity correction in 0.55NA logic single 
patterning [13687-78] 

  
  

HIGH NA AND BEYOND: JOINT SESSION WITH PM AND EUVL 
  

13687 0P Depth-of-focus enhancement in high-numerical aperture EUV lithography by source and 
mask optimization (Invited Paper) [13687-37] 

  

iv



13687 0Q High-NA EUV optical proximity correction modeling flow: from data preparation to model 
validation [13687-38] 

  
13687 0R Bright-field EUV mask patterning for extending scaling roadmap (Invited Paper) [13687-54] 

  
  

EMERGING TECHNOLOGY 
  

13687 0S Novel approaches in high throughput testing and overhead reduction such as global 
control to narrow the gap to quantum advantage (Invited Paper) [13687-40] 

  
13687 0T Comparative simulation analysis of displacement Talbot lithography and projection 

lithography for high-resolution periodic patterning [13687-41] 
  

13687 0U Fabrication feasibility of high-quality SRG waveguides for augmented reality applications 
[13687-42] 

  
13687 0V Virtual fabrication of a 3nm gate all around inverter [13687-43] 

  
13687 0W Throughput optimization of NIL for the fabrication of advanced devices (Invited Paper) 

[13687-44] 
  

13687 0X Extending resolution limit of EB lithography through material process co-optimization for 
nanoimprint templates [13687-45] 

  
  

MASK MULTILAYER 
  

13687 0Y Optimization of EUV mask multilayers for high-NA and hyper-NA lithography (Invited Paper) 
[13687-46] 

  
13687 0Z Tuning, modelling, and verifying effects of intermixing on EUV multilayer mirror performance 

via a combined simulation and experimental approach [13687-47] 
  

13687 10 Exploring multilayer mirror designs for future EUV lithography [13687-48] 

  
13687 11 Alternative EUV multilayer mirror mask for reduced mask 3D effects evaluated at NA0.33 

[13687-49] 
  

13687 12 Multilayer defects: impact on aerial image through focus [13687-50] 

  
13687 13 High-NA EUV mask CD-SEM metrology matching, and contour-based comparison of 

simulation result and wafer print (Invited Paper) [13687-106] 
  
  

v



 
MASK WRITING 

  
13687 14 Quantitative evaluation of bulk/sleeve strategy using rigorous simulation of electron beam 

lithography [13687-51] 
  

13687 15 Full field lithography as an answer to heterogeneous packaging challenges [13687-19] 

  
13687 16 A novel EPE measurement method for curvilinear pattern with Multigon format [13687-70] 

  
13687 17 Extendibility of multibeam mask writer MBM-2000 [13687-55] 

  
  

POSTER SESSION 
  

13687 18 The effect of thermal annealing on the surface roughness and optical properties of periodic 
Mo/Si films with TiO2 film for EUV application (BACUS Best Poster, 2nd Place) [13687-56] 

  
13687 19 CFM hotspot detection using CNN models [13687-57] 

  
13687 1A Laser-driven particle removal from CNT pellicles [13687-59] 

  
13687 1B Model-based optical proximity correction for talbot lithography considering the  

non-paraxial Talbot effect [13687-60] 
  

13687 1C Integrated curvilinear OPC and SRAF optimization through reinforcement learning 
(Photronics Student Award, 1st Place) [13687-61] 

  
13687 1D Toward a holistic model integrating local and global effects in mask process correction 

[13687-62] 
  

13687 1E Enabling a MULTIGON-based integrated pipelined flow for curvilinear mask process 
correction and multibeam fracture [13687-63] 

  
13687 1F A study of Multigon mask data preparation performance and its dependence on Multigon 

data volume [13687-64] 
  

13687 1G A unified approach for correcting global CDU, long-range, and short-range effects in 
advanced photomasks [13687-67] 

  
13687 1H Porous pellicle engineering: extending the limits of thin-film EUV pellicle technology  

(BACUS Best Poster, 1st Place) [13687-71] 
  

13687 1I 2D inner assist features for 0.55NA: mask and wafer data characterization [13687-72] 

  
13687 1J Simulation of defects and repair at A14 and A10 technology nodes [13687-73] 

  

vi



13687 1K Analysis of film stress in Mo/Si multilayers for EUV mask blanks [13687-75] 

  
13687 1L Photomask AI defect classification system [13687-76] 

  
13687 1M Spline MPC for curvilinear mask process correction [13687-79] 

  
13687 1N Camouflage circuit design and complementary lithography techniques with proximity 

effect correction for IC security [13687-80] 
  

13687 1O Fast ptychographic imaging of semiconductor structures at grazing incidence [13687-81] 

  
13687 1P A holistic approach of EUV mask inspection, defect classification, and disposition for 2nm 

logic manufacturing [13687-82] 
  

13687 1Q Haze formation mechanism and prevention proposal for ArF photomask: a study 
combining simulation and experiment [13687-104] 

  
13687 1R LLMs and LVMs for agentic AI: a GPU-accelerated multimodal system architecture for  

RAG-grounded, explainable, and adaptive intelligence [13687-107] 
  

13687 1T Electron multibeam mask writer for mature nodes: MBM-2000C [13687-113] 

  
13687 1U Development of an automated defect repair system utilizing EUV mask property analysis 

[13687-114] 
  

13687 1V Development of mechanical and chemical defect analysis technology for automatic 
repair of EUV photomasks [13687-115] 

  
  

 

vii


